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Functional impact of global rare copy number
variation in autism spectrum disorders
A list of authors and their affiliations appears at the end of the paper.
The autism spectrum disorders (ASDs) are a group of conditions
characterized by impairments in reciprocal social interaction and
communication, and the presence of restricted and repetitive beha-
viours1. Individuals with an ASD vary greatly in cognitive develop-
ment, which can range from above average to intellectual
disability2. Although ASDs are known to be highly heritable
( 90%)3, the underlying genetic determinants are still largely
unknown.Hereweanalysed the genome-wide characteristics of rare
(,1% frequency) copy number variation in ASDusing dense geno-
typing arrays. When comparing 996 ASD individuals of European
ancestry to 1,287 matched controls, cases were found to carry a
higher global burden of rare, genic copy number variants (CNVs)
(1.19 fold, P5 0.012), especially so for loci previously implicated in
eitherASDand/or intellectual disability (1.69 fold,P5 3.43 1024).
Among the CNVs there were numerous de novo and inherited
events, sometimes in combination in a given family, implicating
many novel ASD genes such as SHANK2, SYNGAP1, DLGAP2
and the X-linked DDX53–PTCHD1 locus. We also discovered an
enrichment of CNVs disrupting functional gene sets involved in
cellular proliferation, projection andmotility, and GTPase/Ras sig-
nalling. Our results reveal many new genetic and functional targets
in ASD that may lead to final connected pathways.
Twin and family studies indicate a predominantly genetic basis for
ASD susceptibility and provide support for considering these dis-
orders as a clinical spectrum. Some 5–15% of individuals with an
ASD have an identifiable genetic aetiology corresponding to known
rare single-gene disorders (for example, fragile X syndrome) and
chromosomal rearrangements (for example, maternal duplication of
15q11-q13). Rare mutations have been identified in synaptic genes,
includingNLGN3,NLGN4X (ref. 4) and SHANK3 (ref. 5), andmicro-
array studies have revealed copy number variation (CNV) as risk
factors6. CNV examples include de novo events observed in 5–10%
of ASD cases7–9, de novo or inherited hemizygous deletions and dupli-
cations of 16p11.2 (refs 9–11) andNRXN1 (ref. 7), and exceptionally
rare homozygous deletions in consanguineous families12. Genome-
wide association studies using single nucleotide polymorphisms
(SNPs) have highlighted two potential ASD risk loci at 5p14.1 (ref. 13)
and 5p15.2 (ref. 14), but these data indicate that common variation
will account for only a small proportion of the heritability in ASD.
To delineate further the contribution of rare genomic variants to
autism we genotyped 1,275 ASD cases and their parents using the
Illumina Infinium 1M single SNP microarray (Fig. 1). A set of
1,981 controls used for comparison studies was genotyped on the
same platform15 and both data sets were subjected to the same quality
control procedures.Ultimately, we analysed 996ASDcases (876 trios)
and 1,287 controls of European ancestry to minimize confounds due
to population differences (Supplementary Figs 1 and 2 and Sup-
plementary Table 1)16.
Two CNV prediction algorithms (QuantiSNP17 and iPattern (un-
published data)) and additional extensive quality control procedures
were used to establish a stringent data set of non-redundant CNVs
called by both algorithms in an individual (Fig. 1, Supplementary
Tables 1–3 and Supplementary Fig. 3). This stringent data set of 5,478
rare CNVs in 996 cases and 1,287 controls of European ancestry
(Supplementary Table 4) had the following characteristics: (1)
CNV present at ,1% frequency in the total sample (cases and con-
trols); (2) CNV $30 kb in size (because .95% of these could be
confirmed); and (3) all CNVs further verified using combined evid-
ence from the PennCNV algorithm18 and child–parent intensity fold
changes, genotype proportions (to verify deletions) and visual
inspection (for chromosome X).
We assessed the impact of rare CNV in cases compared to controls
using three primarymeasures ofCNVburden: thenumber of CNVsper
individual, the estimatedCNV size, and thenumber of genes affected by
CNVs (Table 1). No significant difference was found in the former two
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(iPattern+ QuantiSNP)
996 ASD cases (876 trios)
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• CNV number, size + gene count
• CNV region (CNVR)
• Inherited, de novo, segregation 
• Clinical phenotype
• Enrichment in deletions 
• Overlay with ASD/ID genes
• Listing of known ASD and/or ID genes
• Attributable risk
Figure 1 | CNV discovery and characterization. Comprehensive procedures
were used to identify the rare CNV data set (boxed). Dashed arrows indicate
CNVs not included in downstream analyses. Labels a–f are as follows: a, SNP
and intensity quality control (QC) with ancestry estimation; b, QC for CNV
calls; c, pilot validation experiments using quantitative PCR were used to
evaluate the false discovery rate; d, rare CNVs in samples of European
ancestry were defined as$30 kb in size and present in the total sample set at
a frequency,1%. A total of 70 out of 996 (17%) of ASD cases were analysed
on different lower-resolution arrays in previous studies9,10,28. Label e
indicates that all CNVs were computationally verified and at least 40% of
case CNVs were also experimentally validated by qPCR and/or independent
Agilent or other SNP microarrays; f, 3,677 additional European ancestry
controls were used to test specific loci from the primary burden analyses.
Additional details are in the Methods and Supplementary Information. ID,
intellectual disability.
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measures (Supplementary Tables 4a and 5), even after controlling for
fine-level ancestry differences by pair-matching cases and controls
(Supplementary Information)16. In contrast, we discovered a significant
increase in the number of genes intersected by rare CNV in cases when
focusing on gene-containing segments (1.19-fold increase, empirical
P5 0.012). This ASD association with genic CNV was stronger for
deletions (1.26-fold increase, empirical P5 8.03 1023). These dif-
ferences remained after we further controlled for potential case–control
differences that could be present due to biological differences or tech-
nical biases. Restricting our analysis to autosomal CNVs (that is, after
removing CNVs located on chromosome X) also resulted in a consis-
tent enriched gene count in ASD cases compared to controls. Single-
occurrence CNV deletions had increased rates in ASD cases over
controls, indicating that some could be pathogenic.
We then examined parent–child transmission and confirmed that
5.7% (50 out of 876) of ASD cases had at least one de novo CNV with
.0.6% carrying two or more de novo events (Supplementary Tables
4a, 6 and 7). The de novo CNV rate in our simplex and multiplex
families was 5.6% (22 out of 393) and 5.5% (19 out of 348), respec-
tively, in contrast with previous studies showing a higher rate in
simplex families8,9. A total of 226 validated de novo (7) and inherited
(219) CNVs not observed in controls and affecting single genes were
found (Supplementary Table 8).
Numerous novel candidate ASD loci such as SHANK2, SYNGAP1
and DLGAP2 were identified on the basis of the observation that de
novo CNV affects these genes in cases but not controls (Supplemen-
tary Table 6). The relatedness of SHANK2 to the causal ASD gene
SHANK3 (ref. 5), involvement of SYNGAP1 in intellectual disability19,
and interaction of DLGAP family proteins with SHANK proteins20
further support their role in ASDs. Maternally inherited X-linked
deletions at DDX53–PTCHD1 (7 cases) implicate this locus in ASD.
We tested an additional 3,677 European ancestry controls (Fig. 1) and
again foundnoCNVat these genes, andDDX53–PTCHD1 emerged as
a significant ASD risk factor (P5 3.13 1023 with the initial 1,287
controls; P5 3.63 1026 with combined controls; Supplementary
Fig. 4).
Table 1 | Global burden of genic rare CNVs in cases versus controls
Type Classification Total
CNVs (n)
P Case/control ratio Baseline rate (ctrl) Pcorr
None
All All 5,478 0.012* 1.19 3.59 0.003*
Deletions only All 2,757 0.008* 1.26 1.08 0.006*
Duplications only All 2,721 0.072 1.16 2.51 0.015*
CNV frequency
All 2–63 1,831 0.058 1.26 1.03 0.062
13 1,419 0.375 1.03 0.83 0.180
Deletions only 2–63 1,094 0.004* 1.57 0.43 0.011*
13 880 0.036* 1.26 0.30 0.036*
Duplications only 2-63 977 0.203 1.16 1.05 0.118
13 896 0.749 0.92 0.72 0.442
CNV size
All 30–500 kb 5,086 0.313 1.03 2.72 0.181
$500 kb 392 0.005* 1.69 0.88 0.005*
Deletions only 30–500 kb 2,645 0.004* 1.24 0.85 0.004*
$500 kb 112 0.209 1.32 0.23 0.143
Duplications only 30–500 kb 2,441 0.801 0.93 1.86 0.518
$500 kb 280 0.007* 1.82 0.65 0.012*
Table 1 shows gene count in cases versus controls. Total burden for genes intersected by CNVs in ASD cases (n5996) compared to controls (n5 1,287). Gene coordinates were defined by the
RefSeq boundaries plus a 10-kb region on either side. All genomic analyses used NCBI Build 36. Genome-wide P-values were estimated in 100,000 permutations (one-sided) and additionally
corrected (Pcorr) for global case–control differences in CNV rate and size. Analyses were further stratified according to CNV type (‘deletions only’ and ‘duplications only’) and frequency (single
occurrences (13) or CNVs observed two to six times in the total sample (2–63)). Note that for the two lower-frequency groups, the ‘deletions only’ and ‘duplications only’ counts are not expected to
sum to the ‘all’ count (see ref. 26 and Supplementary Information).


































































































































































Figure 2 | CNV burden in known ASD and/or intellectual disability genes.
a, Proportion of samples with CNVs overlapping genes and loci known to be
associated in ASD with or without intellectual disability (ID) or intellectual
disability only, as well as published candidate genes and loci for ASD
(Supplementary Table 9). To select for CNVs with maximal impact, they
needed to intersect genes and overlap the target loci by$50%of their length.
Fisher’s exact test P-values for significant differences (P# 0.05, one tailed)
are shown. NS, not significant. b, Enrichment analysis for genes overlapped
by rare CNVs in cases compared to controls for the three gene sets in
a, relative to the whole genome. Odds ratio and 95% confidence intervals are
given for each gene set. Empirical P-values for gene-set enrichment are
indicated above each odds ratio. All P-values ,0.1 are listed.
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Association studies of individual rare CNV often have insufficient
power to discriminate benign from disease-causing variants. Here,
we assessed whether genes and CNVs previously associated with ASD
and/or intellectual disability were enriched in cases compared with
controls, in order to help identify pathogenic events. We defined
three gene lists based on evidence from previous studies of their
involvement in ASDs (Supplementary Table 9): (1) ‘ASD implicated’
list consisting of 36 disease genes and 10 loci strongly implicated in
ASD and identified in subjects with ASD or ASD and intellectual
disability; (2) ‘intellectual disability’ consisting of 110 disease genes
and 17 loci implicated in intellectual disability but not yet in ASD;
and (3) ‘ASD candidates’ including 103 genes from previous studies
of common and rare variants.
We observed a higher proportion of cases with rare CNVs overlap-
ping ‘ASD implicated’ disease genes compared to controls (4.3% ver-
sus 2.3%, Fisher exact test P5 5.43 1023; Fig. 2a), corresponding to a
significant enrichment for genes in this set (odds ratio (OR)5 1.8;
95% confidence interval (CI) 1.3–2.6, empirical P5 2.63 1023;
Fig. 2b, see also Supplementary Information). This effect was stronger
for duplications, which may also disrupt genes (OR5 2.3; 95% CI
1.4–3.8, empirical P5 9.43 1024). Enrichment was also found for
rare CNVs overlapping intellectual disability genes, more notably for
deletions (OR5 2.1; 95% CI 1.1–4.2, empirical P5 0.053). In con-
trast, there was no evidence of enrichment among case CNVs com-
pared to control CNVs for genes in the ASD candidates set (empirical
P. 0.3). When the two disease gene sets ‘ASD implicated’ and ‘intel-
lectual disability’ were combined, we observed 7.6% of cases with rare
CNVs preferentially affecting ASD/intellectual disability genes com-
pared to 4.5% in controls (Fisher exact test P5 1.23 1023; Fig. 2a).
The observed enrichments didnot changewhenpotential case–control
genome-wide differences for CNV rate and size were considered.
Our global analyses of these putative pathogenic loci use subjective
boundaries for CNV overlap. Manual inspection of the data yields
more accurate results. After eliminating CNVs that are less likely to
have an aetiological role (heterozygous CNVs that disrupt autosomal
recessive loci, events outside the critical region of overlap of genomic
disorders, X-linked genes in females inherited from non-ASD fathers,
duplications inherited from non-ASD parents, and intronic CNVs in
NRXN1), 25CNVs remained in theASDgroup, compared toonly four
in the controls (P5 3.63 1026; Supplementary Table 10). Moreover,
the latter four CNVs were all duplications at 1q21.1, 16p11.2 or
22q11.2, loci known to exhibit incomplete penetrance and variable
expressivity6. The population attributable risk provided by the com-
bination of all ASD CNVs that overlap ASDs and/or intellectual
disability genes is estimated to be 3.3% (Supplementary Table 11).
We also identified rare de novo chromosomal abnormalities and large
CNVs likely to be aetiological (Supplementary Table 10).
We then tested for functional enrichment of gene sets among those
genes affected by CNVs to identify biological processes involved in
ASD (Fig. 3). Here, the term gene set refers to groups of genes that
share a common function or operate in the same pathway. Such a
functional enrichment mapping approach can combine single-gene
effects into biologically meaningful groups21.
We compiled comprehensive collections of gene sets (Supplemen-
tary Table 12) and used the Fisher’s exact test to assess which gene sets
were more frequently affected by rare CNV events in ASD cases com-
pared to controls.An estimate of the false-discovery rate (FDR) at each
gene set was obtained by random permutation of case and control
labels (Supplementary Information). To visualize enriched gene sets,
overlap scores were used to organize these sets graphically into a
functional enrichmentmap (or network) usingCytoscape22.We iden-
tified the ‘seed’ gene sets for the network at an FDR q-value of 5% and
further relaxed the thresholds to 12.5% to better capture the network
topology23.
Using these criteria only deletions were found to be significantly
enriched in gene sets in cases over controls (Supplementary Fig. 5),
consistent with the global burden results (Table 1). Specifically, 76
gene sets affected by deletions (2.18% of sets tested) were found to be
enriched and used to construct a functional map (Fig. 3a and
Supplementary Figs 6 and 7). We tested for possible bias, including
measures of CNV size and number for cases versus controls per gene
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Figure 3 | A functional map of ASD. Enrichment results were mapped as a
network of gene sets (nodes) related by mutual overlap (edges), where the
colour (red, blue or yellow) indicates the class of gene set. Node size is
proportional to the total number of genes in each set and edge thickness
represents the number of overlapping genes between sets. a, Gene sets
enriched for deletions are shown (red) with enrichment significance (FDR
q-value) represented as a node colour gradient. Groups of functionally
related gene sets are circled and labelled (groups, filled green circles;
subgroups, dashed line). b, An expanded enrichment map shows the
relationship between gene sets enriched in deletions (a) and sets of known
ASD/intellectual disability genes. Node colour hue represents the class of
gene set (that is, enriched in deletions, red; knowndisease genes (ASDand/or
intellectual disability (ID) genes), blue; enriched only in disease genes,
yellow). Edge colour represents the overlap between gene sets enriched in
deletions (green), from disease genes to enriched sets (blue), and between
sets enriched in deletions and in disease genes or between disease gene-sets
only (orange). The major functional groups are highlighted by filled circles
(enriched in deletions, green; enriched in ASD/intellectual disability, blue).
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might explain the observed enrichments (Supplementary Figs 8
and 9).
We identified enrichments in gene sets known to be involved in
ASDs and also discovered new candidate ASD pathways (Fig. 3a and
Supplementary Table 13). For example, gene sets involved in cell and
neuronal development and function (including projection, motility
and proliferation) previously reported in ASD-associated pheno-
types were identified24. Novel observations included gene sets
involved in GTPase/Ras signalling, with component Rho GTPases
known to be involved in regulating dendrite and spine plasticity
and associated with intellectual disability. We also found a tentative
link to sets in the kinase activity/regulation functional group where
only minorities of these sets meet a stringent 5% FDR q-value thresh-
old (Supplementary Fig. 10).
We further assessed the relationship of our functional enrichment
map with known ASD/intellectual disability genes (Fig. 3b and
Supplementary Fig. 11) and found genes enriched in sets linked to
microtubule cytoskeleton, glycosylation and CNS development/
adhesion25. The two groups of genes found to be enriched in deletions
(Fig. 3a) also displayed connectivity to the ASD/intellectual disability
disease gene sets, either directly or through intermediates (Fig. 3b and
Supplementary Fig. 12). Although ASD genes seem to be enriched in
different subsets of genes compared to intellectual-disability-only
genes, we cannot discount the possibility that this is the result of
selection bias, and we expect that more intellectual disability genes
may yet be linked to ASD.
Our findings provide strong support for the involvement of mul-
tiple rare genic CNVs, both genome-wide and at specific loci, in ASD.
These findings, similar to those recently described in schizophrenia26,
suggest that at least some of these ASDCNVs (and the genes that they
affect) are under purifying selection27. Genes previously implicated in
ASD by rare variant findings have pointed to functional themes in
ASD pathophysiology6,28. Molecules such as NRXN1, NLGN3/4X
and SHANK3, localized presynaptically or at the post-synaptic density
(PSD), highlight maturation and function of glutamatergic synapses.
Our data reveal that SHANK2, SYNGAP1 and DLGAP2 are new ASD
loci that also encode proteins in the PSD. We also found intellectual
disability genes to be important in ASD29. Furthermore, our func-
tional enrichment map identifies new groups such as GTPase/Ras,
effectively expanding both the number and connectivity of modules
that may be involved in ASD. The next step will be to relate defects or
patterns of alterations in these groups to ASD endophenotypes. The
combined identification of higher-penetrance rare variants and new
biological pathways, including those identified in this study, may
broaden the targets amenable to genetic testing and therapeutic
intervention.
METHODS SUMMARY
Raw data from ASD family (accession phs000267.v1.p1) and SAGE control
(Accession: phs000092.v1.p1) genotyping are at NCBI dbGAP. CNVs were ana-
lysed using PLINK v1.0730, R stats and custom scripts. See Supplementary
Information for details. A list of all CNVs passing quality control is available
in Supplementary Table 8.
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Genetic and functional analyses demonstrate a role for 
abnormal glycine neurotransmission in autism 
 
Marion Pilorge1,2,3, Coralie Fassier1,2,3, Hervé Le Corronc1,2,3,4, Anaïs Potey1,2,3, Jing Bai1,2,3, Elsa Delaby1,2,3, Brigitte Assouline5, 
Vincent Guinchat5†, Françoise Devillard6, Richard Delorme7, Gudrun Nygren8, Maria Råstam8‡, Jochen C. Meier9, Satoru Otani1,2,3§, 
Victoria M. James10,11, Maya Topf10, T. Neil Dear12, Christopher Gillberg8, Marion Leboyer13,14,15,16, Bruno Giros1,2,3, Sophie 
Gautron1,2,3*, Jamilé Hazan1,2,3*, Robert J. Harvey11*, Pascal Legendre1,2,3 & Catalina Betancur1,2,3 
 
Autism spectrum disorders (ASD) are common 
neurodevelopmental conditions characterized by marked 
genetic heterogeneity1. Recent studies of rare copy number 
variants (CNVs)2,3 and sequence variants4-6 have identified 
numerous loci associated with ASD. However, our 
knowledge of the overall genetic architecture and the 
underlying pathophysiological mechanisms of ASD remains 
incomplete. Here we identified the X-linked gene GLRA2, 
encoding the glycine receptor (GlyR) α2 subunit, as a gene 
implicated in ASD. GlyRs are ligand-gated chloride channels 
that mediate inhibitory neurotransmission in the adult 
nervous system but exert an excitatory action in immature 
neurons. GlyRs containing the α 2 subunit are highly 
expressed in the embryonic and neonatal brain7,8, where they 
are thought to play an important role in neuronal 
development9. In this respect, recent findings indicate that 
GlyR α2 activation promotes cortical interneuron migra-
tion10. After identifying a microdeletion disrupting GLRA2 
in a boy with autism2, sequencing of 400 unrelated males 
with ASD revealed one de novo missense mutation. In vitro 
functional studies demonstrated dramatic alteration of 
protein function caused by both the deletion and the 
mutation identified in ASD. Targeted glra2 knockdown in 
zebrafish induced severe axon branching defects, rescued by 
co-injection with wild-type but not ASD-associated mutated 
transcripts. Finally, Glra2 knockout mice exhibited cognitive 
deficits in object recognition memory and impaired synaptic 
plasticity in the prefrontal cortex. Our results implicate 
GLRA2 for the first time in ASD and suggest that altered 
glycinergic transmission may predispose to ASD and 
cognitive impairments. 
Hundreds of rare and very-rare variants, both inherited and de 
novo, have been shown to contribute to the genetic origins of 
ASD1-6. Among them, numerous variants have been identified in 
genes located on the X-chromosome1, which may partially 
explain the excess of affected males over females observed in 
ASD, especially in individuals with normal IQ. As part of a 
large CNV screen in ASD2, we recently identified a 
microdeletion of GLRA2 on chromosome Xp22.2 in a boy with 
autism, inherited from his healthy mother (Fig. 1a). Patient 1 has 
autism, language delay, low average IQ, and no distinctive 
clinical features (Supplementary Note). The GLRA2 gene spans 
202 kb and contains 9 exons. The 151 kb deletion encompasses 
exons 8 and 9 of GLRA2, and is predicted to result in loss of 
transmembrane domains 3 and 4 (TM3 and TM4). This was 
validated using  qPCR and the deletion breakpoint was localized 
to intron 7 (Fig. 1b, c, Extended Data Fig. 1). The endpoints of 
the deletion arose in regions lacking extensive homology, 
suggesting that this is a non-recurrent event. No other GLRA2 
deletions were observed in 1131 ASD cases, 2712 parents, and 
1858 controls2. Furthermore, deletions were absent from 1124 
ASD probands3 and 11004 controls from previous studies 





Figure 1 ⎢  Microdeletion and mutation of GLRA2 in ASD. a, Physical 
map of Xp22.2. CNV analysis showed a GLRA2 deletion removing 
exons 8 and 9 in Patient 1, inherited from his unaffected mother (red). b, 
Gel image of long-range PCR products showing an abnormal 1.1 kb 
allele in Patient 1 and his mother. c, Breakpoint sequence analysis in 
Patient 1 revealed a 151,055 bp deletion starting in intron 7 of GLRA2. A 
G>A transition precedes the deletion. d, Identification of a de novo 
missense mutation in exon 4 of GLRA2 in Patient 2 (c.458G>A, 
p.153R>Q). e, Schematic representation of the GLRA2 protein with the 
deletion and the mutation identified in ASD. The exons are indicated by 
brackets; the signal peptide and the four transmembrane domains are 
shown in dark blue and orange, respectively. The alignment of protein 
sequences of human GlyRs and orthologs from other species is shown 
below. The highly conserved arginine at position 153, mutated in Patient 
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Figure 2 ⎢  GLRA2 mutations identified in individuals with ASD abolish normal protein function. a, Surface expression of wild-type and mutant 
GLRA2 proteins. The mutated protein (GLRA2R153Q) localized properly to the plasma membrane, as shown by the punctiform staining of GlyR α2 at 
the cell surface, whereas the truncated mutant (GLRA2del) failed to traffic to the membrane. The different constructs were co-transfected with EGFP 
cDNA in CHO cells. Scale bar: 10 μm. b, Representative traces of currents evoked by application of glycine on CHO cells expressing wild-type and 
mutated GLRA2 proteins. Bars represent application of glycine at concentrations noted. c, Fit of data in b to the Hill equation. Errors indicate SEM 
(n = 7-13 cells). d, e, Predicted structure of the homomeric GlyR α2 subunit. The blue and yellow α2 subunits contain residues on the plus and minus 
sides of the glycine-binding site, respectively. A single glycine-binding site is represented in the native state (d) and the R153Q mutant (e). Predicted 
residues of importance are labelled by residue number. Dashed lines indicate hydrogen bonds. Elimination of the hydrogen bonds stabilising the 
binding-site residue T238 is predicted to cause direct disruption of glycine binding. 
 
The glycine receptor typically consists of pentameric 
combinations of two subunit types, α and β, although GlyRs 
containing the α2 subunit can also form homomeric receptors. 
Three genes, GLRA1, GLRA2, and GLRA3, encode GlyR α 
subunits in humans (GLRA4 is a pseudogene), whilst GLRB 
encodes the β subunit. GlyR α subunits exhibit distinct spatial 
and temporal expression patterns in the central nervous system 
(CNS). The α2 subunit is widely expressed in embryonic and 
perinatal CNS and expression markedly decreases after birth7,8 
(Extended Data Fig. 2), suggesting a role for α2-containing 
GlyR in neuronal development. By contrast, α1 and α3 GlyRs 
mediate the majority of glycinergic neurotransmission in the 
adult spinal cord and brain stem, where they are involved in 
hyperekplexia (startle disease), and inflammatory pain11. 
Although known as the main inhibitory neurotransmitters in the 
adult CNS, glycine and GABA have a depolarizing and 
excitatory action in immature neurons due to the inverted 
chloride gradient observed during development9,12. At these 
early stages, embryonic GlyRs and GABAARs are located 
extrasynaptically and can be tonically activated by paracrine 
release of endogenous agonists9,13,14. The subsequent increase in 
intracellular Ca2+ generates spontaneous electrical activity that 
can shape neuronal network formation15. The developmental 
role of GABA in neuronal proliferation, migration, and 
differentiation has been widely documented16-18 and several 
studies support similar neurotrophic effects for glycine in the 
developing CNS10,19-21 and retina22. 
To further delineate the role of GLRA2 mutations in ASD, we 
used direct sequencing to investigate the coding regions and 
splice site junctions of this gene in 400 affected males. We 
identified a de novo missense mutation, c.458G>A, leading to 
the amino acid substitution p.R153Q (Fig. 1d) in Patient 2, a 
male with non-syndromic autism, severe language delay, mild 
intellectual disability, and pharmacoresponsive epilepsy with 
generalized tonic-clonic seizures (Supplementary Note). The 
mutation affects a highly conserved arginine located in the 
glycine-binding site (Fig. 1e), was absent from 404 unaffected 
fathers of ASD probands and has not been reported in 937 ASD 
cases and 870 controls of the ARRA Autism Sequencing 
Consortium4, the 1000 Genomes Project23, and the Exome 
Sequencing Project (Extended Data Table 2). In total, the 
p.R153Q mutation was absent from 13758 control X 
chromosomes. This mutation was predicted to be damaging by 
PolyPhen-2, SNPs&GO, MutPred, PANTHER, and SIFT 
(Extended Data Table 3). No other likely pathogenic mutations 
in GLRA2 were identified in ASD male chromosomes (Extended 
Data Tables 2, 4). The rarity of most genetic variants in ASD 
usually precludes the possibility of identifying sufficient 
repeated instances of mutations in the  same  gene to  understand  
 
Figure 3 ⎢  ASD-associated mutations in GLRA2 fail to rescue the 
axon branching phenotype caused by knockdown of the zebrafish 
orthologue. a, b, Immunostaining of 28-h post-fertilization control (a), 
morphant (MOα2) (a), and rescued (MOα2 + mRNAα2 or mRNAα2R153Q or 
mRNAα2del) (b) larvae labelled with Znp1 antibody; lateral views of the 
trunk (anterior to the left). Higher magnifications are shown on the right. 
Arrows indicate aberrant supernumerary branches of spinal motor axons. 
Scale bars: 10 μm. c, Quantification of axon branching in 16 somites 
centred around the anus in control, morphant, and rescued larvae. The 
number of branches was significantly higher in MOα2 larvae than in 
controls and was rescued by concomitant overexpression of human 
GLRA2 (mRNAα2), whereas deleted (mRNAα2del) or mutated 
(mRNAα2R153Q) versions of the transcript failed to rescue the abnormal 
axon phenotype. Data represent mean ± SEM. **P<0.01, ***P<0.001. 
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Figure 4 ⎢  Glra2-/Y mice exhibit deficits in recognition memory and impaired cortical synaptic plasticity. a, In the novel object recognition 
task, adult wild-type (WT) mice spent more time exploring the novel object, whereas Glra2-/Y mice had no preference for either object after a 10-
min or 24-h memory delay, as measured by exploration time and discrimination index (n = 11 WT, 12 Glra2-/Y). b, Glra2-/Y mice exhibited no 
deficits when assessed on the spatial version of the task (the novel location recognition test) and showed normal preference for the object placed in 
a new location (n = 9 WT, 10 Glra2-/Y). c, In the Morris water maze, Glra2-/Y mice displayed normal acquisition and reversal learning. Both 
genotypes showed a significant preference for the target quadrant during a probe trial conducted 10 min following the final training session (n = 5 
WT, 7 Glra2-/Y). AdjL, adjacent left quadrant; Target, target quadrant; AdjR, adjacent right quadrant; Opp, opposite to target quadrant. d, Glra2-
/Ymice exhibited impaired long term potentiation in the prefrontal cortex (n = 14 slices from 9 WT mice, 10 slices from 6 Glra2-/Y mice). Data 
represent mean ± SEM. *P<0.05, **P<0.01. 
 
their functional impact and confirm pathogenicity. 
Consequently, additional lines of evidence are required. 
We used in vitro studies to analyse the functional impact of 
the GLRA2 deletion and R153Q substitution found in ASD 
patients. We generated truncated (GLRA2del) and mutated 
(GLRA2R153Q) constructs as shown in Extended Data Fig. 3. 
Whereas the wild-type and GLRA2R153Q proteins were both 
observed at the plasma membrane of transfected CHO cells, 
GLRA2del was undetectable at the cell surface (Fig. 2a) and 
appeared mislocalized in the cytoplasm (Extended Data Fig. 4), 
likely due to the loss of TM3 and TM4. To determine the 
functional properties of the two mutant GlyRs, we analysed 
whole-cell currents evoked by the application of glycine on 
transfected cells. As shown in Fig. 2, the minimum 
concentration of glycine able to evoke a whole-cell current was 
~100 times higher in cells expressing the GLRA2R153Q mutant 
than in cells expressing the wild-type GlyR α2 subunit. 
Expression of GLRA2R153Q was associated with a rightward shift 
in the dose-response curves, with a significantly higher EC50 
value (mutant EC50=8.9 ± 0.9 mM, n=7; wild-type EC50=0.056 ± 
0.002 mM, n=13; P<0.01; Fig. 2b, c), indicating that the 
efficiency of the receptor was dramatically reduced. This result 
implies that GlyRs containing the R153Q mutation are unlikely 
to be significantly activated in response to glycine release under 
physiological conditions (≤1 mM in the synaptic cleft)24. As 
expected, application of glycine at high concentration (30 mM) 
on cells expressing GLRA2del did not evoke any current (n=5), 
due to the lack of cell surface expression of the deleted protein. 
To further study the effects of the R153Q substitution in Patient 
2, we generated a homology model of the human GlyR α2 
homomer. We predict that R153Q abolishes a critical hydrogen 
bond in the glycine-binding site, leading to the destabilization of 
the ligand-binding region and loss of function (Fig. 2d, e). 
Taken together, our results demonstrate that both the GLRA2 
deletion and the R153Q mutation identified in patients with 
ASD dramatically impair GlyR function. 
To test whether the deletion and R153Q missense mutation 
affect GLRA2 function in vivo, we knocked down glra2 
expression in zebrafish embryos using specific morpholino 
oligonucleotides, characterized a prominent morphant pheno-
type, and carried out rescue experiments. Knockdown of glra2 
impaired spinal motor axon morphology and caused multiple 
aberrant branching (Fig. 3a). This abnormal phenotype was fully 
rescued by human wild-type GLRA2 mRNA, whereas injection 
of the deleted or mutated transcripts failed to rescue these axon 
outgrowth defects (Fig. 3b, c), showing that both mutations 
disrupt GLRA2 function in vivo. These findings are consistent 
with previous studies showing that glycinergic transmission 
modulates neurite outgrowth during development19,21. 
To further investigate the role of GlyR α2 in ASD, we 
characterized male Glra2 knockout mice in a battery of 
behavioural tests related to ASD. Mutant mice were viable and 
fertile, with a normal life span. Locomotor activity and motor 
coordination in hemizygous Glra2-/Y mice were indistin-
guishable from wild-type littermates (Extended Data Fig. 5a-d). 
Glra2 mutant mice exhibited normal anxiety and repetitive 
behaviours as well as normal social behaviour (Extended Data 
Figs 5e-h, 6a-d). However, when assessed in the novel object 
recognition test, Glra2-/Y mice showed no preference for the 
novel object 10 min after the familiarization phase (Fig. 4a), 
indicating impaired short-term memory. This deficit was 
confirmed in three additional cohorts and was also observed in 
the long-term memory version of the task, after a delay of 24 h 
(Fig. 4a). In contrast, Glra2-/Y mice did not display deficits in 
spatial learning in either the novel location recognition task or in 
the Morris water maze (Fig. 4b, c, Extended Data Fig. 6e). 
These results indicate that Glra2 knockout mice have partially 
impaired learning and memory processes, with normal 
hippocampal-dependent spatial abilities. This cognitive profile 
is consistent with the observation that mutations in GLRA2 in 
humans are associated with mild intellectual disabilities and is 
reminiscent of the preserved visuospatial abilities typical of 
ASD. 
We next measured synaptic plasticity in Glra2-/Y mice and 
observed that long-term potentiation induced by high-frequency 
stimulation in the prefrontal cortex was significantly impaired 
(Fig. 4d). These findings suggest that defective glycinergic 
signalling results in abnormal plasticity in the prefrontal cortex, 
a region consistently implicated in ASD25,26. The recent 
demonstration of tangential migration defects of cortical 
 
interneurons during embryogenesis in Glra2 mutant mice10 
supports a developmental role for GlyR α2 and provides a 
mechanistic substrate for our observation of synaptic 
dysfunction and aberrant behaviour in these mice. 
In conclusion, we used a combination of genetics and 
functional studies to demonstrate that GLRA2 mutations 
resulting in loss of function are associated with ASD, language 
delay, and mild cognitive impairment in humans. The cognitive 
and synaptic defects observed in Glra2-/Y mice are consistent 
with the repeated implication of GABAergic inhibitory 
neurotransmission in models of autism27,28 and emerging 
evidence of imbalanced excitation/inhibition as a mechanism 
underlying ASD29. Overall, our data provide new insights into 
the biological roles of GLRA2 and implicate for the first time 
glycine neurotransmission as a mediator of ASD phenotypes. 
 
METHODS SUMMARY 
Subjects. Patients were recruited by the Paris Autism Research 
International Study (PARIS) at specialized clinical centres in France and 
Sweden30. All patients were evaluated by psychiatrists and had 
confirmed ASD diagnoses; subjects with known genetic disorders were 
excluded. Informed consent was obtained from all families in 
accordance with the research ethics boards of the participating 
institutions. 
Zebrafish. To knock down zebrafish glra2, two-cell stage wild-type 
zebrafish embryos were injected with antisense morpholino 
oligonucleotides directed against the glra2 translation initiation site 
(glra2 MO) at 1 pmole per embryo and analysed at 28 h post-
fertilization by standard immunostaining procedures. For rescue 
experiments, the wild-type, mutated, and deleted versions of human 
GLRA2 transcripts were co-injected at 100 pg in one-cell stage zebrafish 
embryos together with the glra2 MO. 
Mice. Glra2 mutant mice were generated by T.N.D. and R.J.H. and 
maintained in our laboratory in Paris on a C57BL/6J background. Only 
males were used for the behavioural, molecular, and 
electrophysiological studies. Behavioural assays were done blind to 
genotype with control littermates. All experiments were conducted in 
accordance with the European Communities Council Directive 
(86/609/EEC) regarding the housing, care, and experimental procedures 
on mice. 
Statistics. Data are shown as mean ± SEM and analysed using Student's 
t-test or analysis of variance (ANOVA). Statistical analyses were done 
using Prism 5 (GraphPad Software, San Diego, CA) for behavioural 
studies and StatView (SAS Institute, Cary, NC) for ex vivo 
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Subjects. Patients were recruited by the Paris Autism Research 
International Study (PARIS) at specialized clinical centres in France and 
Sweden30. All patients were evaluated by psychiatrists and diagnosed 
based on clinical evaluation and DSM-IV criteria. Subjects were 
assessed with the Autism Diagnostic Interview-Revised (ADI-R) and the 
Asperger Syndrome Diagnostic Interview31; those recruited more 
recently were also assessed with the Autism Diagnostic Observation 
Schedule (ADOS). At the time of inclusion, patients were screened for 
genetic disorders associated with autism; investigations included 
karyotype, molecular genetic testing for fragile X syndrome, and 
metabolic screening; brain imaging and EEG were performed when 
possible. In addition, subjects were screened for microdeletion/ 
microduplication syndromes using fluorescent in situ hybridization 
(FISH), multiplex ligation-dependent probe amplification (MLPA), 
and/or chromosomal microarray analysis. Patients with known genetic 
disorders were excluded from subsequent analysis. Informed consent 
was obtained from all participating families. The study was approved by 
the research ethics boards of the collaborating institutions. 
The sample of 400 independent males screened for GLRA2 mutations 
included 334 probands from simplex families and 66 from multiplex 
families (with two or more affected siblings); 336 met criteria for 
autism, 44 for Asperger syndrome, and 20 for pervasive developmental 
disorder not otherwise specified; 42% had very limited or no language; 
62% had intellectual disability (IQ<70), and 8.5% had a history of 
epilepsy. The mean age at inclusion was 11.8 years (3-39 years). Most 
patients were Caucasian (90%). 
After identifying the GLRA2 de novo missense mutation in Patient 2 
(c.458G>A), we screened 404 reportedly unaffected fathers from the 
PARIS cohort for this variant. 
Mutation screening. Genomic DNA was extracted from blood 
leukocytes or B lymphoblastoid cell lines using standard procedures. 
The nine GLRA2 coding exons and intron-exon boundaries of GLRA2 
were PCR amplified using specific primers designed with Primer3 
v.0.4.0 (http://frodo.wi.mit.edu; Supplementary Table 2). Alternative 
splicing of exon 3 generates two splice variants, GlyR α2A and GlyR 
α2B, differing by only two amino acids at positions 85 and 86; specific 
primers were designed to span the two alternative exons 3 for sequence 
analysis. The PCR reaction was performed with Taq DNA polymerase 
(Invitrogen, Carlsbad, CA) in 20 μl reaction mix (20 ng genomic DNA, 
0.5 μM of each primer, 1.5 mM MgCl2, 0.2 mM dNTP, and 1X Taq 
Polymerase PCR Buffer). Two PCR protocols were used: (i) standard 
protocol (exons 5, 7, and 8): 95°C for 30 sec, followed by 35 cycles at 
95°C for 30 sec, 58°C (exon 7) or 60°C (exons 5 and 8) for 30 sec, 72°C 
for 30 sec, with a final cycle at 72°C for 10 min; and (ii) touchdown 
protocol (exons 1, 2, 3, 4, 6, and 9): 95°C for 10 min followed by 20 
cycles at 95°C for 30 sec, 65-55°C (exon 1), 62-56°C (exons 2, 3, 6, and 
9) or 56-50°C (exon 4) for 30 sec; 72°C for 1 min, followed by 20 
cycles at 95°C for 30 sec; 55°C (exon 1), 56°C (exons 2, 3, 6, and 9) or 
50°C (exon 4) for 30 sec; 72°C for 1 min, with a final cycle at 72°C for 
10 min. PCR products were visualized in a 1% agarose gel and purified 
using exonuclease I (USB Corporation, Cleveland, OH) and shrimp 
alkaline phosphatase (USB). Sequence analysis was performed by direct 
sequencing of the PCR products using BigDye Terminator v3.1 mix 
(Applied Biosystems, Foster City, CA) and then analysed by capillary 
electrophoresis on an ABI 3730 sequencer (Applied Biosystems). Where 
mutations were shown to have arisen de novo, we verified maternity and 
paternity by genotyping both parents and the subject at several 
microsatellite loci. 
Reference sequences. GenBank accession numbers for genomic and 
protein sequences for GLRA2 are NM_002063 and NP_001112357, 
respectively. Note that amino acid sequence numbering is given with the 
signal peptide; residues are numbered starting at the initiator 
methionine, in accordance with the nomenclature recommendations of 
the Human Genome Variation Society (HGVS, http://www.hgvs.org). 
The first amino acid after signal peptide cleavage is residue number 28. 
Genomic locations are based on GRCh37/hg19. 
Real-time quantitative PCR and long-range PCR. qPCR with the 
Universal Probe Library (UPL) system from Roche (Indianapolis, IN) 
was used to confirm and map the deletion in Patient 1. Long-range PCR 
was carried out using the Expand Long Template PCR System from 
Roche, followed by sequencing of the junction fragment. 
Determination of X-inactivation pattern. X chromosome inactivation 
was determined by evaluating the methylation status of the polymorphic 
(CAG)n repeat located in the first exon of the human androgen receptor 
(AR) gene, as previously described32. Briefly, two digestion reactions 
were performed. In one reaction, genomic DNA (50 ng) was digested 
with the methylation-sensitive restriction enzyme HpaII (which cuts the 
active unmethylated allele) and the RsaI restriction enzyme (which cuts 
active and inactive alleles equally). In the other reaction, DNA was 
digested with RsaI alone as a control. Digested DNA was amplified with 
primers spanning the (CAG)n repeat (F: 5'-FAM-TCCAGAATCTGTT-
CCAGAGCGTGC-3' and R: 5'-GCTGTGAAGGTTGCTGTTCCTCAT-
3'). The resulting products were run on an ABI 3730 sequencer (Applied 
Biosystems) and the raw data were imported into GeneMarker software 
(SoftGenetics) for fluorescent fragment analysis. The peak heights for 
each allele were normalized and the XCI ratio was then deduced. One 
female sample with skewed X inactivation ratio (>95:5) and one control 
male were included in each batch of samples to control for complete 
digestion and amplification efficiency. X chromosome inactivation was 
considered skewed if the ratio was ≥80:20. 
GLRA2 constructs. GLRA2 cDNA was generated from human 
hippocampus poly A+ RNA (Clontech, Mountain View, CA) and cloned 
into pEGFP-N1 vector (Clontech) using NotI, which excises the EGFP-
coding sequence. Mutations were performed using the QuikChange II 
site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the 
manufacturer's instructions, and positive clones were identified by DNA 
sequencing. The GLRA2 truncated mutant was produced to end at 
amino acid 310, immediately followed by 6 amino acids (VRNLA*), 
resulting in a 316 amino acid truncated mutant protein, as predicted in 
Patient 1 (Extended Data Fig. 3). For the GLRA2 construct mimicking 
the mutation in Patient 2, the arginine residue at position 153 was 
changed to glutamine (R153Q) (Extended Data Fig. 3). 
Cell culture and transfection. Chinese hamster ovary (CHO) cells 
were cultured at 35°C in Dulbecco's modified Eagle's medium 
containing 4.5 mg/ml glucose and 10% fetal bovine serum. The different 
GLRA2 constructs were co-transfected with enhanced green fluorescent 
protein (EGFP) cDNA using FuGENE 6 Transfection Reagent (Roche) 
according to the manufacturer's protocol. CHO cells were recorded or 
immunolabelled 48 h after transfection. 
Whole-cell recordings. Whole-cell patch-clamp recordings of 
transfected CHO cells were performed at room temperature using an 
Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA) in saline 
solution containing (in mM): 126 NaCl, 1.2 NaH2PO4, 4.5 KCl, 10 
glucose, 2 CaCl2, 1 MgCl2, and 10 HEPES (pH 7.2). Patch-clamp 
electrodes (4-6 MΩ) contained an internal solution with the following 
composition (in mM): 130 CsCl, 4 MgCl2, 4 Na2ATP, 10 EGTA, and 10 
HEPES (pH 7.2). Transfected cells were selected according to their 
EGFP expression under UV light. Data were low-pass filtered at 2 KHz, 
digitized at 20 kHz with a Digidata 1322A interface, and acquired using 
PClamp 10 software (Molecular Devices). Glycine was applied using 
0.5 mm diameter quartz tubing positioned 1 mm away from the 
recording area14. The quartz tubing was connected using a manifold to 
reservoirs filled with saline solution or with different concentrations of 
glycine (solution exchange times ≤  30 ms). Different glycine 
concentrations were applied to CHO cells expressing wild-type or 
mutant GlyR α2 subunits to control possible amplitude rundown. All 
compounds were purchased from Sigma-Aldrich (Saint-Quentin 
Fallavier, France). Analyses were performed off-line with PClamp10 
software package or Axograph X.1.3.5 software (AxoGraph Scientific, 
Sydney, Australia). 
Immunohistochemistry and confocal microscopy. Transfected CHO 
cells were immunolabelled using the goat polyclonal antiserum against 
the N-terminal 18 amino acids of the human GlyR α2 subunit (1:300; 
GlyR α2 N-18: SC-17279; Santa Cruz Biotechnology, Santa Cruz, CA). 
Cells were fixed in 2% paraformaldehyde, washed in PBS, and 
incubated in PBS-NH4Cl (100 mM) for 20 min, followed by blocking in 
20 mM PBS with 0.25% fish gelatin for 30 min at room temperature. 
Cells were subsequently incubated with the first antibody at room 
temperature for 2 h and then with an anti-goat Alexa Fluor 594 (red) 
secondary antibody (1:1000; Invitrogen) at room temperature for 2 h. 
Both antibodies were diluted in the blocking solution. In some 
experiments, cells were permeabilized with Triton X-100 (0.2% Triton 
X-100 in PBS-gelatin solution) for 30 min at room temperature, to 
visualize the deleted construct retained in the cytoplasm. Images were 
taken using a Leica SP5 confocal microscope (Leica Microsystems, 
Wetzlar, Germany). 
 *
Molecular modelling of the GlyR α2 homomer. Fold recognition of 
human GlyR α2 subunit was performed with HHPred33. The structure of 
the Caenorhabditis elegans glutamate-gated chloride channel α (GluCl) 
(PDB: 3RIF) was identified as the best template. A profile-profile 
alignment between the human GlyR α2 subunit and the C. elegans 
GluCl α subunit (chain A) was generated using MUSCLE web server 
(www.ebi.ac.uk/Tools/msa/muscle), resulting in 42% sequence identity. 
Based on this alignment, 50 homology models of human GlyR α2 
subunit were built using MODELLER-9v10 (http://salilab.org/ 
modeller/) and assessed with the DOPE statistical potential score. The 
model based on the lowest score (Z score = -0.174) was selected. 
Additional evaluation using the ProSA web server (https://prosa. 
services.came.sbg.ac.at/prosa.php) showed that the model quality (Z 
score = -4.95) fell within a range typically found for native proteins of 
similar size, demonstrating the high quality and reliability of the model. 
Using the Chimera molecular visualization and analysis software 
(http://www.cgl.ucsf.edu/chimera/), a glycine molecule was docked into 
an approximate position within the predicted binding site, using 
structural information about the binding of glutamate in the GluCl 
obtained from the crystal structure (PDB: 3RIF), and experimental 
evidence of residues in GlyR α1 that are known to interact with the 
glycine ligand34. The substitution R153Q was modelled into the GlyR 
α2 homology model using the swapaa command, taking into account the 
highest rotamer probability (based on the Dunbrack backbone-dependent 
rotamer library), the highest number of H-bonds, and the lowest clash 
score. 
Zebrafish knockdown and rescue experiments. Zebrafish embryos 
were raised at 28°C in E3 medium supplemented with 0.2 mM 1-phenyl-
2-thiourea (PTU, Sigma) to prevent pigment formation and staged 
according to Kimmel et al.35. A morpholino oligonucleotide (glra2 MO: 
5'-TTTGACCGAAGGGCGAGTCATTCCT-3'), predicted to specifi-
cally block glra2 translation initiation site without affecting the 
translation of other zebrafish GlyR α subunits (glra1, glra3, glra4a, and 
glra4b), was designed by GeneTools (Philomath, OR) and injected at 1 
pmole per embryo. For rescue experiments, the wild-type, mutated, and 
deleted versions of human GLRA2 cDNA were subcloned into the 
pCS2+ expression vector and in vitro transcribed using SP6 mMessage 
mMachine kit (Ambion Europe, Huntingdon, UK). The resulting 
mRNAs were injected at 100 pg in one-cell stage wild-type embryos 
while glra2 MO was subsequently injected at the two-cell stage. Doubly 
injected, morphant and control embryos were fixed at 28 h post 
fertilization in 4% paraformaldehyde for 2 h at room temperature. 
Whole-mount immunohistochemistry using the primary antibody znp-1 
(ZIRC, University of Oregon, OR) at 1:100 was carried out according to 
standard procedures as previously reported36. Images were acquired 
using a fluorescence microscope equipped with an Apotome module 
(Axiovert 200M, Carl Zeiss France, Le Pecq, France) and processed 
with the NIH ImageJ software. Each experiment was reproduced four 
times and statistical analyses were performed using the Student's 
unpaired t-test. 
Generation of Glra2 knockout mice. Glra2 mutant mice were 
generated by targeted deletion of exon 7 encoding transmembrane 
domains 1 and 2 (TM1-TM2). The targeting vector was constructed in 
pEasyFlox to contain loxP sites flanking exon 7 of Glra2 and a 
neomycin cassette. The targeted construct was introduced into the 
129/SvJae derived PC3 ES cell line for homologous recombination. 
Correctly targeted ES cells were selected and injected into C57BL/6J 
blastocysts to obtain Glra2 chimeric mice. Because the PC3 ES cell line 
contains a transgene driving expression of cre recombinase under the 
control of the protamine 1 promoter37, cre-mediated excision of exon 7 
and/or the neomycin cassette was induced in the male chimeras germ 
line during the terminal haploid stages of spermatogenesis. Mice 
containing the Glra2 exon 7 deleted allele were obtained by mating 
chimeric mice with wild-type mice. Targeted disruption of Glra2 in the 
progeny was confirmed by PCR and Southern blotting. Mice were 
genotyped by PCR analysis using two sets of primers (F1: 5'-
CACATGAACCCCAACACAAG-3' and R1: 5'-AATGTTGCAAACA-
CCAACGA-3'; F2: 5'-TGATCCTTTTCTGCTTCCAG-3' and 5'-GCTT-
TCGACAAGACCTTTGG-3'). Mutant mice were backcrossed to 
C57BL/6J for at least eight generations before experiments. Only males 
were used for the behavioural, molecular, and electrophysiological 
studies. All experiments were conducted in accordance with the 
European Communities Council Directive (86/609/EEC) regarding the 
housing, care, and experimental procedures on mice. 
Behavioural assays. Behavioural assays were done blind to genotype 
with control littermates. Six independent cohorts of WT and Glra2-/Y 
mice were tested. The first cohort included 16 WT and 15 Glra2-/Y 
littermates, except when noted (Supplementary Table 1). The order of 
the tests was as follows: spontaneous locomotion, elevated plus maze, 
light-dark box, open-field test, sociability and preference for social 
novelty, marble burying, self-grooming/stereotypies, olfactory 
habituation/dishabituation test, novel object recognition task, novel 
location recognition task, inverted wire hang, Morris water maze, 
accelerating rotarod, and hole board. A second (12 mice per genotype) 
and a third cohort (8 mice per genotype) were tested for nesting and 
social interaction with juveniles. Three additional independent 
replication cohorts (n = 9 WT, 6 Glra2-/Y; n = 7 WT, 8 Glra2-/Y; n = 11 
WT, 11 Glra2-/Y) were reexamined in the novel object recognition task 
and the sociability and preference for social novelty test. A detailed 
description of experimental procedures is provided in Supplementary 
Methods. 
Electrophysiology. Male Glra2-/Y mice and WT littermates were 
decapitated and the brain was rapidly removed from the skull. Coronal 
slices (400 μm) containing the prelimbic area (1.94-2.8 mm from the 
bregma) were sectioned with a vibratome (Campden Instruments, 
Loughborough, UK) in chilled oxygenated (95% O2/5% CO2) artificial 
cerebrospinal fluid (ACSF) containing in mM: 124 NaCl, 2 KCl, 26 
NaHCO3, 1.15 KH2PO4, 1 MgCl2, 2 CaCl2, and 11 D-glucose. Slices 
were allowed to recover in oxygenated ACSF at room temperature for at 
least 3 h before recording. Experiments were performed in a submersion 
recording chamber with continuous perfusion (1 ml/min) of warmed 
ACSF (32° C). 
Experiments were conducted in the following order: recording of 
stable baseline field excitatory postsynaptic potentials (fEPSPs) for at 
least 20 min, delivery of high-frequency stimulation (HFS, 50 pulses at 
100 Hz, 5 times with 3 min interval) to induce plasticity, followed by 
response monitoring for 50 min post-conditioning. The stimulating and 
recording electrodes were both placed on the surface of layer I-II, as 
described38. Single stimulations (monophasic constant current square 
pulses; 100 μs width) were applied through a bipolar stimulating 
electrode (teflon-coated tungsten, A-M Systems, WA). Recordings were 
made with glass micropipettes filled with 3 M NaCl. fEPSPs were 
evoked at 0.033 Hz, and the response size was set at 60% of the 
maximum amplitude, which was about 0.7-0.8 mV with 30-40 μA 
stimulus intensities. All evoked responses were fed to an amplifier in 
current-clamp mode and digitized at 10 kHz through a Digidata 1322A 
interface (Molecular Devices) using Elphy data-acquisition software 
(CNRS, Gif sur Yvette, France). The initial slope of the EPSP (1 ms 
period from its onset, mV/ms) was calculated for each individual EPSP 
as previously described38. Statistical comparisons between genotypes 
were performed with repeated measures analysis of variance (ANOVA) 
for the 50 min post-conditioning period. 
Real-time reverse transcription PCR. RNA samples from prefrontal 
cortex were obtained from embryonic (E12 and E14), neonatal (P0 and 
P5), juvenile (P15 and P20), and adult WT and Glra2-/Y mice. Total 
RNA was extracted using RNeasy kit (Qiagen), treated with DNase I 
(Invitrogen), and used to produce total cDNA with Superscript II reverse 
transcriptase (Invitrogen) and random primers. 25 ng of total cDNA was 
used for the qPCR, performed as described above using the UPL system 
from Roche. Intron-spanning primers were designed using the 
ProbeFinder v2.04 software (Supplementary Table 3). The gene 
encoding mouse β -glucuronidase (Gusb) was used as control. The 
relative mRNA expression levels were calculated with a comparative 
threshold cycle (Ct) method using Gusb as control [ΔCt=Ct(target 
gene)-Ct(Gusb)], and a control sample [ΔΔCt=ΔCt(sample test)-
ΔCt(control sample)]. The relative transcript number was then 
calculated as 2-ΔΔCt. 
Statistics. Data are shown as mean ± SEM and analysed using Student's 
t-test or ANOVA. Statistical analyses were done using Prism 5 
(GraphPad Software, San Diego, CA) for behavioural studies and 
StatView (SAS Institute, Cary, NC) for ex vivo electrophysiology. Full 
statistical tests are presented in Supplementary Table 1. 
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Study Number of 
individuals 






Jakobsson et al. 
2008 
485 485 individuals from the Human 
Genome Diversity Project–CEPH 
panel (309 M, 176 F) 




Analysis restricted to 
CNVs >10 SNPs 
DGV 
Kirov et al. 2009 2792 Schizophrenia study 
2792 controls from the Wellcome 
Trust Case Control Consortium 
(1384 M, 1408 F) 




Analysis restricted to 
CNVs >100 kb 
Supp. online 
Shaikh et al. 2009 2026 2026 healthy individuals from the 
Childrenʼs Hospital of Philadelphia, 
65% Caucasians (gender not 
available) 





No GLRA2 duplications 
have been reported in 
over 13000 controls in 
other studies, suggesting 
that the gains reported in 
this study are likely to be 
artefacts 
DGV 
Altshuler et al. 
2010 
1184 1184 HapMap individuals from 11 
populations (gender not available) 






Pinto et al. 2010 4570 ASD study, Autism Genome Project 
consortium 
2712 parents and 1858 controls 
GLRA2 deletion 
(chrX:14693216-14836199, 
hg19) in mother of 6323-3 
(Patient 1) 
Illumina 1M Minimal CNV size: 5 kb 
with at least 5 probes 
AGP database 
Sanders et al. 
2011 
3120 ASD study, Simons Simplex 
Collection 
872 unaffected sibs (403 M, 469 F) 
and 2248 parents (1124 M, 1124 F) 





 Supp. online 
Grond-Ginsbach 
et al. 2012 
473 70 cervical artery dissection 
patients of European ancestry; 
403 white Northern Germans 
collected in the PopGen study 




Analysis restricted to 
CNVs >100 kb 
Supp. online 
Silversides et al. 
2012 
756 340 tetralogy of Fallot and/or 
pulmonary atresia cases of 
European ancestry; 
416 Ontario Population Genomics 
Platform control individuals 




Analysis restricted to 
CNVs >10 kb with ≥5 
array probes 
Supp. online 
Krepischi et al. 
2012 
168 68 women with breast cancer; 
100 controls 
No GLRA2 deletion or 
duplication 
Agilent 180K Smallest CNV = 7 kb Supp. online 
Total controls 15574      
ASD cases 
Pinto et al. 2010 1132 1132 ASD probands from simplex 
and multiplex families (Autism 
Genome Project), including 996 




hg19) in 6323-3 (Patient 1) 
Illumina 1M Minimal CNV size: 5 kb 
with at least 5 probes 
Supp. online, 
AGP database 
Sanders et al. 
2011 
1124 1124 ASD probands from simplex 
families (Simons Simplex 
Collection) 





 Supp. online 
Total ASD cases 2256      









Study Number of individuals Males Females Approach Comment 
Controls 
Klassen et al. 2011 139 controls 62 77 Targeted sequencing of ion 
channel genes, including GLRA2 
 
NHLBI Exome Variant Servera 6503 controls 2443 4060 Whole exome sequencing  
1000 Genomes Project, 
Abecasis et al. 2012 
1092 genomes from 14 
populations 
525 567 Whole-genome and exome 
sequencing 
 
NIH ARRA Autism Sequencing 
Consortium 
Lim et al. 2013; Liu et al. 2013 
870 controls 420 450 Whole exome sequencing  
Total individuals: 8604 (3450 males, 5154 females) 
Total X chromosomes: 13758 
Casesb 
Piton et al. 2011 142 ASD cases (122 M, 20 F) 
and 143 schizophrenia cases 
(95 M, 48 F) 
217 68 Targeted sequencing of X-
chromosome synaptic genes, 
including GLRA2 
One ASD female carries a GLRA2 
missense variant (p.R350L), inherited 
from a healthy mother (see Extended 
Data Table 3) 
Chahrour et al. 2012 16 probands with ASD 14 2 Whole exome sequencing One ASD male carries a GLRA2 
missense variant (p.I421V), also 
reported in a male control from the 
EVS 
NIH ARRA Autism Sequencing 
Consortium 
Lim et al. 2013; Liu et al. 2013 
937 cases with ASD 785 152 Whole exome sequencing  
Jiang et al. 2013 32 probands with ASD 25 7 Whole genome sequencing  
Need et al. 2012 166 cases with schizophrenia N/A N/A Whole exome (n = 134) or whole 
genome sequencing (n = 32) 
 
Tarpey et al. 2009 208 families with X-linked 
intellectual disability, with 
multiple affected individuals 
208 0 Targeted sequencing of X-
chromosome coding exons 
Two affected males carry a GLRA2 
missense variant (p.I421V), also 
reported in a male control from the 
EVS 
Rauch et al. 2012 51 trios with sporadic non-
syndromic intellectual 
disability 
19 32 Whole exome sequencing  
De Ligt et al. 2012 100 trios with intellectual 
disability 
47 53 Whole exome sequencing  
Klassen et al. 2011 151 cases with idiopathic 
epilepsy 
66 85 Targeted sequencing of ion 
channel genes, including GLRA2 
 
Feng et al. 2001 5 patients with ASD, 113 with 
schizophrenia, 30 with 
ADHD, 28 with bipolar 
disorder, 25 with alcoholism, 
24 with puerperal psychosis 
N/A N/A Targeted sequencing of GLRA2   
Total individuals: 2171 (1381 males, 399 females and 391 of unknown gender) 
                                     1132 ASD, 422 schizophrenia, 359 ID, 151 epilepsy 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Nucleotide change Variant type Amino acid 
change 
Location Frequency in male 
patients (n=400) 
c.203-24C>T Intronic − Intron 2 T=1/C=399 
c.271-75A>G Intronic − Intron 3 G=188/A=212 
c.271-43G>A Intronic − Intron 3 A=1/G=399 
c.285T>C Silent p.N95= Exon 4 C=1/T=399 
c.458G>A Missense p.R153Q Exon 4 A=1/G=399 
c.494+44A>G (rs2074211) Intronic − Intron 4 G=221/A=179 
c.501C>A Silent p.T167= Exon 5 A=1/C=399 
c.507C>T (rs111946619) Silent p.T169= Exon 5 T=11/C=389 
c.931-19_931-18insTCTC Intronic − Intron 7 CTCTC=2/C=398 
c.931-33_931-32insTG Intronic − Intron 7 CTG=1/C=399 
c.747C>T (rs2229963) Silent p.H249= Exon 7 T=112/C=288 
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A large-scale survey of the novel 15q24
microdeletion syndrome in autism spectrum
disorders identifies an atypical deletion that
narrows the critical region
L Alison McInnes1,2, Alisa Nakamine1,3, Marion Pilorge4,5,6, Tracy Brandt2, Patricia Jiménez González7,
Marietha Fallas7, Elina R Manghi8, Lisa Edelmann2,11, Joseph Glessner9, Hakon Hakonarson9, Catalina Betancur4,5,6,
Joseph D Buxbaum1,2,3,10,11*
Abstract
Background: The 15q24 microdeletion syndrome has been recently described as a recurrent, submicroscopic
genomic imbalance found in individuals with intellectual disability, typical facial appearance, hypotonia, and digital
and genital abnormalities. Gene dosage abnormalities, including copy number variations (CNVs), have been
identified in a significant fraction of individuals with autism spectrum disorders (ASDs). In this study we surveyed
two ASD cohorts for 15q24 abnormalities to assess the frequency of genomic imbalances in this interval.
Methods: We screened 173 unrelated subjects with ASD from the Central Valley of Costa Rica and 1336 subjects
with ASD from 785 independent families registered with the Autism Genetic Resource Exchange (AGRE) for CNVs
across 15q24 using oligonucleotide arrays. Rearrangements were confirmed by array comparative genomic
hybridization and quantitative PCR.
Results: Among the patients from Costa Rica, an atypical de novo deletion of 3.06 Mb in 15q23-q24.1 was
detected in a boy with autism sharing many features with the other 13 subjects with the 15q24 microdeletion
syndrome described to date. He exhibited intellectual disability, constant smiling, characteristic facial features (high
anterior hairline, broad medial eyebrows, epicanthal folds, hypertelorism, full lower lip and protuberant, posteriorly
rotated ears), single palmar crease, toe syndactyly and congenital nystagmus. The deletion breakpoints are atypical
and lie outside previously characterized low copy repeats (69,838-72,897 Mb). Genotyping data revealed that the
deletion had occurred in the paternal chromosome. Among the AGRE families, no large 15q24 deletions were
observed.
Conclusions: From the current and previous studies, deletions in the 15q24 region represent rare causes of ASDs
with an estimated frequency of 0.1 to 0.2% in individuals ascertained for ASDs, although the proportion might be
higher in sporadic cases. These rates compare with a frequency of about 0.3% in patients ascertained for
unexplained intellectual disability and congenital anomalies. This atypical deletion reduces the minimal interval for
the syndrome from 1.75 Mb to 766 kb, implicating a reduced number of genes (15 versus 38). Sequencing of
genes in the 15q24 interval in large ASD and intellectual disability samples may identify mutations of etiologic
importance in the development of these disorders.
* Correspondence: Joseph.Buxbaum@mssm.edu
1Seaver Autism Center for Research and Treatment, Department of
Psychiatry, Mount Sinai School of Medicine, New York, NY 10029, USA
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Background
The widespread use of genomic DNA array-based tech-
nologies to detect whole genome copy number varia-
tions (CNVs) has led to the identification of novel
recurrent genomic disorders associated with syndromic
or nonsyndromic intellectual disability [1]. The 15q24
microdeletion syndrome was first described by Sharp
et al. in 2007 in four subjects sharing clinical character-
istics and overlapping de novo deletions [2]. Phenotypic
features include mild to moderate developmental delay,
characteristic facial features (high anterior hairline,
broad medial eyebrows, hypertelorism, downslanting
palpebral fissures, broad nasal base, long smooth phil-
trum, and full lower lip), growth retardation, hypotonia,
joint laxity, digital abnormalities and genital abnormal-
ities [2]. The recurrent deletions, ranging from 1.7 to
3.9 Mb, result from non-allelic homologous recombina-
tion mediated by low-copy repeat (LCR, also called seg-
mental duplication) clusters in 15q24, termed BP1, BP2
and BP3 [2]. Sharp et al. defined a minimal critical
region between BP1 and BP2 that spanned 1.75 Mb of
genomic sequence. More recently, El-Hattab et al. [3]
reported four additional deletion cases, which implicated
the same 1.75 Mb minimal critical region in the syn-
drome and described two other LCR clusters that med-
iate the formation of alternative-sized rearrangements,
termed LCR 15q24A, 15q24B (BP1), 15q24C, 15q24D
(BP2) and 15q24E (BP3). Three other subjects with
15q24 deletion have been reported recently, further
expanding the phenotypic spectrum [4-6]. In addition,
there have been four reported 15q24 duplications that
involve the same LCRs and share some clinical features
with cases of 15q24 microdeletion [3,7].
Genetic variants that present with developmental delay
can often be associated with an autism spectrum disor-
der (ASD). Smith et al. described a girl with autism,
developmental delay and mild dysmorphism carrying
what was first identified as an interstitial deletion of
chromosome 15q22-q23 according to fluorescent in situ
hybridization (FISH) analysis [8], but subsequent micro-
array mapping revealed to be a 15q24 deletion overlap-
ping the genomic region identified by Sharp et al. [2]
(Moyra Smith, personal communication). Furthermore,
a recent analysis of 427 unrelated subjects with ASD
reported a 15q24 de novo deletion in a boy with ASD,
intellectual disability, severe dysmorphism, scoliosis and
diaphragmatic hernia [9]. The deletion was validated by
subsequent quantitative (q)PCR and karyotyping, and
found to encompass 4.29 Mb.
In this study, we surveyed two ASD cohorts compris-
ing subjects from 958 unrelated families to estimate the
frequency of 15q24 deletions in ASD, and mapped
15q24 deletions in these cohorts as a means of
generating a plausible list of genes that may contribute
to the phenotypes associated with the 15q24 deletion
syndrome.
Methods
The study was approved under the guidelines of the
Ministry of Health of Costa Rica, the ethics committee
of the National Children’s Hospital in San José (Hospital
Nacional de Niños, HNN) and the institutional review
board at Mount Sinai School of Medicine in accordance
with the Declaration of Helsinki.
Subjects
Subjects were derived from two datasets: a genetic study
of autism in an isolated founder population in the Cen-
tral Valley of Costa Rica (CVCR) (n = 173) and the Aut-
ism Genetic Resource Exchange (AGRE) cohort
(n = 1336 subjects with ASD from 785 families). The
CVCR study, initiated by one of the authors (LAM),
including recruitment and assessment, has been
described in detail previously [10,11]. This sample com-
prised 153 males and 20 females and all were sporadic
cases (that is, only one affected child in the family).
Families of individuals with a known or possible diagno-
sis of ASD contacted the HNN or were contacted by
the Costa Rican research team (PJG, head). If they
expressed interest in the study, they were formally asked
to participate using established informed consent cri-
teria. All interviews and examinations took place at the
Neurodevelopmental Unit of the HNN, where parents
were interviewed by an experienced pediatrician (PJG)
using the Autism Diagnostic Interview-Revised (ADI-R)
[12], and the Autism Diagnostic Observation Schedule
(ADOS) [13] was administered. Both assessments were
videotaped for independent scoring by the best estima-
tor (ERM). IQ tests appropriate for the age and level of
verbal communication of the subjects were adminis-
tered, as were the Vineland Adaptive Behavioral Scales
[14]. A complete medical and neurological examination
was performed, including a dermatological examination
under Wood’s lamp. Subjects were assessed for dys-
morphic features and a full panel of photographs was
taken for further evaluation by a clinical geneticist.
Blood samples were taken from subjects and parents for
DNA extraction and transformation into cell lines. The
parents of patient AU008 reported here provided writ-
ten informed consent for publication of clinical data,
including photographs.
The AGRE cohort is a well-characterized sample that
has been used in numerous studies. Recently, the AGRE
cohort was genotyped and analyzed genome-wide for
CNVs [15], and these data were used here to assess the
frequency of 15q24 deletions. The AGRE sample
McInnes et al. Molecular Autism 2010, 1:5
http://www.molecularautism.com/content/1/1/5
Page 2 of 12
comprised 1336 subjects (1051 males, 285 females); 291
were sporadic cases and 494 were from multiplex
families (two or more affected children per family).
Genotyping on oligonucleotide arrays
The CVCR sample was genotyped using NspI 250K
arrays (Affymetrix, Santa Clara, CA, USA). Genotyping
was carried out at the University of California Los
Angeles DNA Microarray Facility, part of the NIH
Neuroscience Microarray Consortium, using manufac-
turer-recommended procedures for probe generation
and hybridization. Analysis of these microarray data for
CNVs was carried out as described previously [16],
using the dChip software package https://sites.google.
com/site/dchipsoft/.
Analysis of 15q24 CNVs in the AGRE cohort was per-
formed in a subset of subjects that had been genotyped
(Infinium II HumanHap550 BeadChip, Ilumina, Inc.,
San Diego, CA) and passed strict quality control para-
meters, as described in detail previously [15].
Cases with apparent deletions were confirmed with array
comparative genomic hybridization (aCGH) and qPCR.
aCGH
Genomic DNA was purified using a commercial kit in
accordance with the instruction manual (DNA Clean &
Concentrator-5 Kit; Zymo Research, Orange, CA, USA).
aCGH was performed on microarrays according to the
manufacturer’s instructions (Agilent SurePrint G3
Human CGH 1 × 1 M; Agilent Technologies, Santa
Clara, CA, USA). In brief, 1.5 μg of experimental and
gender-matched reference DNAs (Promega, Madison,
WI, USA) were digested with AluI and RsaI restriction
endonucleases (Promega) and fluorescently labeled with
cyanine 5-dCTP (Cy-5; experimental) and cyanine 3-
dCTP (Cy-3; reference) using a labeling kit (Genomic
DNA Labeling Kit; Agilent Technologies). Labeled
experimental and reference DNAs were purified, com-
bined, denatured, pre-annealed with Cot-1 DNA (Invitro-
gen, Carlsbad, CA, USA) and blocking reagent (Agilent
Technologies) and hybridized to the microarrays in a
rotating oven (20 rpm) at 65°C for 40 hours. After hybri-
dization and recommended washes, the arrays were
scanned at 3 μm resolution with a G2505B Agilent
Microarray Scanner. Images were processed with Feature
Extraction 9.5.1 Software and the data analyzed with
DNA Analytics 4.0 software (both from Agilent Technol-
ogies). Aberrations were identified using the Aberration
Detection Method-1 algorithm with a sensitivity thresh-
old of 6.0 and a data filter that rejected aberrations that
did not include at least 10 probes with a log2 ratio ± 0.25.
qPCR
We used the Universal Probe Library (UPL) system
(Roche, NJ, USA) to perform genomic qPCR in pro-
bands with apparent deletions and their parents, as
described previously [16]. Primers were designed with
ProbeFinder v2.35 software (Roche, http://www.univer-
salprobelibrary.com).
Multiplex ligation-dependent probe amplification
The methylation status of the 15q11-q13 Prader-Willi
syndrome/Angelman syndrome critical region was
assessed by methylation-sensitive multiplex ligation-
dependent probe amplification (MLPA) (ME028 PWS/
AS MLPA kit; MRC-Holland, Amsterdam, the Nether-
lands). The kit contains five probes to assess methyla-
tion status; four are located in SNRPN and one in NDN.
Electrophoresis of PCR products was performed using
an automated sequencer (ABI 3730; Applied Biosystems,
Foster City, CA, USA). MLPA data were analyzed using
GeneMarker 1.70 software (SoftGenetics, State College,
PA, USA).
Results
15q24 microdeletion in a patient from the Costa Rican
cohort
We screened 173 unrelated patients with ASD from
Costa Rica using the Affymetrix 250K single nucleotide
polymorphism (SNP) microarrays and identified a dele-
tion of the 15q23-q24.1 region in a boy with autism,
moderate intellectual disability and mild dysmorphic
features (patient AU008). The deletion encompassed at
least 2.8 Mb (hg18, chr15:69,897,977-72,697,052), par-
tially overlapping the minimal interval of the recurrent
15q24 microdeletion (Figure 1). Analysis of parental
DNA with the 250K SNP arrays revealed that the dele-
tion had occurred de novo in the paternal chromosome
(data not shown). Real-time qPCR experiments con-
firmed the deletion in the patient and showed that the
distal breakpoint was located in the LMANL1 gene,
between intron 1 (deleted) and exon 14 (normal) (Figure
2). High-resolution aCGH was performed to characterize
further the extent of the deletion, revealing a 3.06 Mb
loss (69,837,976-72,896,937) (Figure 3). Neither break-
point coincides with the recently characterized LCRs in
the region [2,3] or with smaller segmental duplications
reported in the UCSC genome browser http://www.gen-
ome.ucsc.edu/ (Figure 1). The distal breakpoint lies
between LCR 15q24B and 15q24C. Therefore, the dele-
tion in this patient would narrow the critical region for
the novel 15q24 microdeletion syndrome from 1.75 Mb
to 766 kb.
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Figure 1 Map of the 15q23-q24 deletion interval. Schematic representation of 15q24 microdeletions in patient AU008 and in 13 other
patients with overlapping deletions reported previously [2-6,8,9]. The map shows a 8 Mb region in chromosome 15q23-q25.1 (68,500,000-
76,500,000, hg18). The vertical bars indicate the five previously reported LCRs, 15q24A-E. Other smaller segmental duplications listed in the UCSC
genome browser are shown at the bottom. The minimal critical deletion region identified previously extends 1.75 Mb between LCRs 15q24B
(BP1) and 15q24D (BP2). The atypical distal breakpoint in patient AU008 (red) narrows the critical region to 766 Mb, containing only 15 RefSeq
genes.
Figure 2 qPCR gene dosage of the 15q24-15q24.1 region in family AU008. Genes within the deleted interval and the flanking regions were
targeted with qPCR probes in patient AU008 and both parents. The names of the genes are followed by the number of the UPL probe used.
Data are means ± SEM. A gene dosage ratio of 1 indicates the presence of two alleles and is considered normal; values < 1 indicate a deletion.
The distal breakpoint is located in the LMANL1 gene, between intron 1 (probe 23) and exon 14 (probe 77).
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Clinical description of the patient with an atypical 15q24
deletion
This male child (patient AU008) was 5 years and 1
month old at the time of evaluation. Table 1 provides a
summary of the clinical features in the patient compared
with 13 other 15q23-q24 deletion carriers. The patient
was born at term (39 weeks) to a 21-year-old G1P1
mother and a 28-year-old father. The psychiatric history
of the mother’s family was notable for the fact that the
mother’s paternal grandmother, maternal grandfather
and a maternal aunt had been diagnosed with schizo-
phrenia, and idiopathic intellectual disability had been
reported in a maternal cousin. During pregnancy,
polyhydramnios was detected and the mother was
hospitalized for several days in the sixth month for pre-
eclampsia. Labor was induced with oxytocin; it lasted 6
hours and the delivery was vaginal. At birth, the child
weighed 2.46 kg (fifth percentile), was 48 cm long (25th
percentile) and had a head circumference of 32 cm (fifth
percentile). His Apgar scores were 9 at 1 minute and at
5 minutes after birth. He was described as an irritable
baby during the perinatal period.
The child was able to support his head at 15 days, dis-
played a social smile at 20 days and sat by himself at 6
months. He was able to stand alone at 7 months, but
did not walk alone until 30 months, and was unable to
hop on one foot. Notably, the parents stated that he did
not crawl because he could not tolerate contact with the
floor, and that from 1 month of age onwards, he did not
want to be touched and would become stiff and throw
his head back if someone lifted him in their arms. He
acquired sphincter control at 36 months. He spoke his
first words at 12 months but never developed phrase
speech, eye contact or pointing. The patient had a maxi-
mum vocabulary of 10-20 words but stopped using
words at the age of 4.5 years. At the time of evaluation,
he used only two words.
His parents stated that he had a difficult temper,
threw frequent tantrums, and was very restless and
hyperactive. He also had difficulty falling and staying
asleep. The patient could not modulate his behavior in
emotional situations and displayed aggressive behaviors
towards himself and/or others when happy or sad. He
laughed or cried out of context, and smiled constantly
no matter what his mood. He did not respond when
called, did not make eye contact and did not follow
instructions. He also displayed a multitude of severe
restricted and repetitive behaviors. For example, he
had difficulty adjusting to change of any kind in his
routine or environment. He displayed stereotypies
including clapping and hand flapping, and self-stimu-
lating behaviors including spinning, hitting objects or
looking at his hands for hours. He put objects in his
mouth constantly. He was interested in parts of objects
such as the wheels of cars and made frequent mean-
ingless noises.
Figure 3 aCGH showing a 3.1 Mb deletion at 15q23-q24.1 in patient AU008. Scatterplot (chromosome view) from the 1 × 1 M array using
DNA Analytics software (Agilent Technologies). The X axis represents copy number relative to the control and the Y axis represents location
along chromosome 15. The area enclosed by the dashed box adjacent to the chromosome 15 ideogram is enlarged on the right. Green circles
indicate probes with a log2 ratio ≤ -0.25, red circles denote probes with a log2 ratio ≥ 0.25; black circles are probes that fall in between these
two values.
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Table 1 Clinical features in Patient AU008 compared to 13 individuals with 15q24 deletions reported in the literature
Present case 13 previously reported cases Total (%)
Deletion 15q24
Length, MB 3.06 1.7 to 4.3
Inheritance De novo 11 de novo (2 unknown)
Parental origin Paternal 2 paternal, 3 maternal (8 unknown)
Gender M 11 M, 2 F
Behavioral abnormalities
Developmental delay/ID Moderate ID 13/13 14/14 (100%)
Impaired speech development Language regression; 2 words at 5 y 7/9 8/10 (80%)
ASD Autism 2 ASD, 1 autistic features/13 3/14 (21%)
Developmental regression + 1/12 2/13 (15%)
Happy facial expression Constant smiling 3/12 4/13 (31%)
Hyperactivity + 2/12 3/13 (23%)
Aggressiveness + 2/12 3/13 (23%)
Sleep disturbances + 1/12 2/13 (15%)
Growth
Low birth weight + 4/12 5/13 (38%)
Pesistent growth retardation - 5/12 5/13 (38%)
Obesity - 3/12 3/13 (23%)
Head circumference <3rd percentile - 3/12 3/13 (23%)
Facial dysmorphism + 13/13 14/14 (100%)
High anterior hair line + 8/12 9/13 (69%)
Long narrow face + 4/12 5/13 (38%)
Hypertelorism + 7/12 8/13 (62%)
Broad medial eyebrows + 6/12 7/13 (54%)
Epicanthus + 6/12 7/13 (54%)
Full lower lip + 5/12 6/13 (46%)
Widely spaced teeth + 1/12 2/13 (15%)
Ear abnormalities Protuberant ears 8/12 9/13 (69%)
Facial asymmetry - 4/12 4/13 (31%)
Down-slanting palpebral fissures - 7/12 7/13 (54%)
Deep set eyes - 2/12 2/13 (15%)
Broad nasal base - 4/12 4/13 (31%)
Flaring alae nasi - 3/12 3/13 (23%)
Hypoplastic alae nasi - 2/12 2/13 (15%)
Depressed nasal bridge - 2/12 2/13 (15%)
Long and/or smooth philtrum - 8/12 8/13 (62%)
Small mouth - 3/12 3/13 (23%)
High arched palate - 2/12 2/13 (15%)
Eye abnormalities + 7/12 8/13 (62%)
Nystagmus + 1/12 2/13 (15%)
Strabismus - 6/12 6/13 (46%)
Microphtalmia - 1/12 1/13 (8%)
Anisocoria - 1/12 1/13 (8%)
Digital abnormalities + 10/12 11/13 (85%)
Single palmar crease Right single palmar crease 2/12 3/13 (23%)
Syndactyly Left 2-3 syndactyly of toes 1/12 2/13 (15%)
Clinodactyly - 3/12 3/13 (23%)
Long slender fingers - 2/12 2/13 (15%)
Brachydactyly - 2/12 2/13 (15%)
Abnormal thumbs - 2/12 2/13 (15%)
Small hands - 2/12 2/13 (15%)
Proximally implanted thumbs - 2/12 2/13 (15%)
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Evaluation for autism was carried out at 5.1 years of
age. The parents were interviewed using the ADI-R and
the child was tested with the ADOS module 1 for non-
verbal subjects. Both tests showed that the patient ful-
filled the criteria for autistic disorder. The results from
the ADI-R gave a score of 29 in the reciprocal social
interaction area (cut-off is 10), a score of 12 in the com-
munication area (cut-off for non verbal subjects 7) and
a score of 8 in the restricted, repetitive behavior area
(cut-off 3), with an onset before 36 months (score 3,
cut-off 1). On the ADOS, the patient scored 7 points in
the communication area (autism cut-off 4) and 10
points in the reciprocal social interaction area (autism
cut-off 7), for a total score of 17 points (autism cut-off
12). The Bayley Scales of Infant Development showed a
performance IQ < 50. In the Vineland Adaptive Beha-
vior Scales, the child obtained a score of 46 for commu-
nication, 52 for daily living skills, 48 years for
socialization and 47 for motor skills; the adaptive beha-
vior composite score was 45.
The medical history for this patient is remarkable for
chronic allergic rhinitis, asthma and frequent respiratory
infections. He also required hospitalization for treatment
of several severe dental cavities at the age of 4 years. An
ophthalmic examination revealed congenital nystagmus.
Brainstem auditory evoked potentials were normal.
Computed tomography of the brain revealed minimal
cortical atrophy but no other abnormalities. The child
was evaluated for sinus bradycardia at 3 and 5 years, but
the results of Holter monitoring were normal and there
was no evidence of arrhythmias. A spinal X-ray revealed
slight lumbar scoliosis but was otherwise normal.
Although the patient did not present with typical Angel-
man features, the inappropriate laughter led us to test
him for this syndrome. A 15q11-q13 deletion was ruled
out by the CNV analysis. The methylation status of the
Prader-Willi syndrome/Angelman syndrome critical
region in 15q11-q13 was assessed using methylation-
sensitive MLPA and no abnormalities were observed,
thus ruling out a uniparental disomy or imprinting
defect. Tests were negative for the FRAXA mutation and
there was a normal G-banded karyotype at 550-band
resolution. Routine blood chemistries, full blood count,
and urine analysis were also normal.
On physical examination at 5.1 years, the patient
weighed 17.5 kg (30th percentile), measured 106 cm in
height (21th percentile) and had a head circumference
of 51 cm. He presented with a high anterior hairline,
Table 1: Clinical features in Patient AU008 compared to 13 individuals with 15q24 deletions reported in the literature
(Continued)
Neurological abnormalities
CNS abnormality by MRI/CT Minimal cortical atrophy on CT 4/7 5/8 (63%)
Hypotonia Not reported but probable 8/12 9/13 (69%)
Seizures - 1/12 1/13 (8%)
Genital abnormalities - 8/10 M 8/11 (73%)
Hypospadias - 4/10 M 4/11 (36%)
Micropenis - 4/10 M 4/11 (36%)
Cryptorchidism - 2/10 M 2/11 (18%)
Musculoskeletal abnormalities
Scoliosis Mild scoliosis 4/13 5/14 (36%)
Joint laxity + 7/12 8/13 (62%)
Chest abnormalities - 3/12 3/13 (23%)
Clubfeet -
Other
Polyhydramminos + 0/12 1/13 (8%)
Recurrent infections Recurrent respiratory infections 6/12 7/13 (54%)
Unusual voice - 4/12 4/13 (31%)
Diaphragmatic hernia - 3/13 3/14 (21%)
Inguinal hernia - 3/12 3/13 (15%)
Growth hormone difficency - 2/12 2/13 (15%)
Bowel atresia - 2/12 2/13 (15%)
Hypogonadism - 2/12 2/13 (15%)
Hearing loss - 2/12 2/13 (15%)
Café-au-lait spots - 2/12 2/13 (15%)
CNS, central nervous system; CT, computed tomography; MRI, magnetic resonance imaging.
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long narrow face, broad medial eyebrows, epicanthal
folds, hypertelorism, a full lower lip, widely spaced
teeth, and protuberant, posteriorly rotated ears
(Figure 4). The examination was otherwise notable for
the presence of a right single palmar crease and partial
syndactyly of the second and third toes of the left foot.
He also exhibited joint laxity. All other aspects of the
examination, including evaluation of the heart, abdo-
men, genitalia and skin, were normal.
15q24 microdeletions in the AGRE cohort
Our study in the Costa Rican cohort suggested an esti-
mated frequency of 15q24 deletions in ASD of 1 in 173,
but this was a modest sample. For this reason, follow-up
studies were carried out in an independent cohort. We
made use of recent CNV data from 1,336 AGRE cases
(from 785 distinct families) that passed strict quality
metrics for CNV calling [15]. We did not observe any
large (>100 kb) deletions in this cohort across the mini-
mal 15q24 interval as defined by Sharp et al. [2]. We
observed and confirmed only a 108 kb deletion
(73,911,628-74,020,037) at the distal (telomeric) side of
the critical region, encompassing the UBE2Q2 and
FBX022 genes, in two affected brothers, AU058-003 and
AU058-004 (see Additional file 1, Figure S1A). The
deletion was inherited from the healthy father (AU058-
002) and was absent in the mother (AU058-001). The
deletion was confirmed by qPCR (Additional file 1,
Figure S1B). The segregation pattern of this microdele-
tion and the fact that it lies outside the critical region
indicate that it is unlikely to be pathogenic.
Discussion
15q24 microdeletion syndrome
The phenotype of the 15q24 deletion is heterogeneous,
but all 14 cases described to date (including the present
case) have intellectual disability ranging from mild to
severe, and characteristic facial features (Table 1; Addi-
tional File 2), suggesting that the 15q24 deletion pheno-
type may be clinically recognizable [2]. Facial
characteristics include high anterior hairline, broad
medial eyebrows, hypertelorism, downslanted palpebral
fissures, epicanthus, long and smooth philtrum, full
lower lip and abnormal ears. Other common features
include minor digital anomalies (85%), impaired speech
development (80%), genital abnormalities in males
(73%), hypotonia (69%), eye abnormalities such as stra-
bismus and nystagmus (62%), joint laxity (62%) and
recurrent infections (54%). Less commonly reported fea-
tures include low birth weight, growth hormone defi-
ciency, diaphragmatic and inguinal hernias, scoliosis and
other musculoskeletal abnormalities, bowel atresia, hear-
ing loss and major central nervous system abnormalities
(dysplastic corpus callosum with a transected pituitary
stalk, myelomeningocele with hydrocephalus and multi-
ple cysts of the corpus callosum) [2,3,6].
In this study, we detected a 3.06 Mb de novo deletion
of 15q24 of paternal origin in a boy with overlapping
clinical features with the previously reported cases of
15q24 microdeletion, including low birth weight, devel-
opmental delay, distinct facial features, digital, eye and
ear abnormalities, severely impaired language, joint lax-
ity, scoliosis and recurrent respiratory infections. The
association with nystagmus is in agreement with an ear-
lier report [2]. Although hypotonia had never been
described in the present case, he had delayed motor
development, did not walk independently until 30
months and received physical therapy for 4 years, sug-
gesting that he might have been mildly hypotonic. Our
patient had no genital abnormalities, whereas hypospa-
dias, micropenis or crytoptorchism have been reported
in 8 of 10 previously reported males [2-6].
In addition, patient AU008 exhibited classic features
of autism, along with constant smiling and inappropriate
laughter, reminiscent of Angelman syndrome. Of the
four male cases with a microdeletion of 15q24 initially
reported by Sharp et al., three were noted to have
happy facial expressions, whereas the fourth subject was
described as having ‘autistiform’ traits [2]. Review of the
literature identified two other patients with ASD carry-
ing 15q24 deletions, thus adding this microdeletion syn-
drome to the increasing list of rare genomic disorders
involved in the etiology of autism. Smith et al. described
a girl with autism carrying an interstitial deletion of
chromosome 15q originally mapped by FISH to 15q22-
q23 [8]. However, a recent reassessment of this patient
using Affymetrix SNP 6.0 microarrays identified a 3.12
Mb deletion (70.740-73.860 Mb) between LCR15q24A
and 15q24D (Moyra Smith, personal communication).
The girl’s phenotype was very similar to that observed
in our patient; both exhibited classic autism, intellectual
disability, delayed motor development and mild dys-
morphic facial features. In addition, both had language
regression and were nonverbal at the time of evaluation,
they showed prominent mouthing behavior and they
had frequent infections. The second patient with ASD
carrying a 15q24 microdeletion was identified by Mar-
shall et al. in a whole-genome CNV analysis, and limited
clinical information was provided [9]. This child
appeared to have a more severe phenotype, with severe
dysmorphism, severe scoliosis and diaphragmatic hernia
(see Additional File 2). The real frequency of ASD
among 15q24 deletion carriers is unknown, as the
majority of patients reported to date were not formally
evaluated for autism. The fact that only some patients
with 15q24 deletion have ASD is similar to observations
in many other microdeletion and microduplication syn-
dromes, and is part of the variable clinical presentation
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that can be observed in these genomic disorders. Exam-
ples of where ASD can be part of the phenotype at vary-
ing rates include 15q11-q13 duplication, 22q13 deletion,
Angelman, DiGeorge, Potocki-Lupski and Williams syn-
dromes, to name but a few [17,18]. Other behavioral
traits reported in 15q24 deletions include hyperactivity/
attention deficit-hyperactivity disorder in two patients,
aggressiveness in two and sleep difficulties in one, sug-
gesting that this deletion may confer susceptibility to
other neuropsychiatric disorders.
Although it is difficult to perform detailed genotype-phe-
notype correlations given the limited number of patients
described to date, some observations are beginning to
emerge. Notably, of the 14 cases with deletions of chromo-
some 15q24, 12 are males [2-6,8,9]. This distortion in the
sex ratio raises the possibility that the penetrance may be
influenced by the sex of the individual. Although the phe-
notype in the two females [3,8] does not appear to differ
significantly from that observed in males (see Additional
File 2), the apparently biased sex ratio is intriguing, and
needs to be confirmed as additional patients are reported.
Diaphragmatic hernia has been described in three patients
with deletions involving the LCR15q24A-15q24B interval
[2,5,9], but was not observed in patient AU008 or in four
other patients with deletions affecting the same interval
[3,6,8], suggesting incomplete penetrance.
Frequency of 15q24 microdeletions in ASD
In our study of the Costa Rican sample, we observed
one case of 15q24 microdeletion syndrome in 173 unre-
lated cases ascertained for ASDs. This corresponds to a
frequency of 0.54%. This compares to a frequency of
0.23% (1/427) in the study of Marshall et al. and a fre-
quency of 0% (0/785 unrelated cases) in the AGRE
families. Combining these studies results in an overall
frequency of 15q24 microdeletions in patients ascer-
tained for ASD of 0.14% (2/1385). It should be noted
that both the AGRE cohort [15] and the Canadian
cohort [9] included large proportions of multiplex
families (63% and 44%, respectively). Given that in all
cases where parental samples were available, 15q24
microdeletions have been shown to be de novo, it is
likely that rates are higher in simplex families, thus, the
rate of 0.14% should be considered as a lower bound.
The rates observed in samples ascertained for ASD were
in the same order of 15q24 microdeletions observed in
patients ascertained for unexplained intellectual disabil-
ity and congenital anomalies (~0.33%; 4/1200) [2].
Figure 4 Photographs of patient AU008 with a 15q24 microdeletion. Patient AU008 at (left) 5.1 years and (right) 8.10 years of age. Note the
high anterior hairline, long narrow face, broad medial eyebrows, epicanthal folds, hypertelorism, full lower lip, widely spaced teeth and
protuberant ears. Specific consent from the parents was obtained to publish these photographs.
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Parental origin of 15q24 deletions
In the three cases with ASD reported to date, the dele-
tion arose in the paternal chromosome (the present
case; the girl described by Smith et al. [8] (Moyra
Smith, personal communication) and the case reported
by Marshall et al. [9]). By contrast, three of the subjects
described by Sharp et al. [2] (two with happy facial
expression and one with autistic traits), carried deletions
of maternal origin. Parental origin was not determined
in the remaining cases. It is thus unclear at present the
relevance, if any, of the gender of the parent of origin to
the resultant behavioral phenotype, and more informa-
tion is needed. However, it should be noted that no
imprinted genes have been described in the deleted
15q23-q24 interval http://www.geneimprint.com/.
Atypical 15q24 microdeletion breakpoints
Breakpoints of the 15q24 microdeletions described to
date are typically defined by segmental duplications,
which predispose to recurrent chromosomal rearrange-
ments via non-allelic homologous recombination [2-6].
However, both breakpoints in our patient lie outside
these segmental duplications. Similarly, Marshall et al.
[9] reported a subject with ASD carrying a deletion of
15q23-q24.2, with the proximal breakpoint lying outside
the segmental duplications and within the THSD4 gene,
as in the patient described here (Figure 1), and extend-
ing distally to LCR15q24D. However, the breakpoints in
THSD4 appear to be different, at 69.60 Mb (intron 6) in
the subject described by Marshall et al. [9] and at 69.84
Mb (intron 14) in patient AU0008. Finally, one of the
patients described by Sharp et al. (IMR371) had an aty-
pical 15q24 deletion (Figure 1), and precise mapping of
both breakpoints and sequencing of the junction frag-
ment revealed two unique breakpoints that were not
located within repetitive sequences and had no apparent
pairwise homology [2]. The presence of atypical dele-
tions provides an important opportunity to better
understand the genes in the minimal region and their
relationship to phenotype.
Genes in the minimal deletion interval
Despite the varying sizes of the 15q24 deletions
reported, no correlation has been observed between the
extent of the deletion and clinical severity [2-6,8,9]. In
fact, the phenotypic similarities between all patients
suggest that haploinsufficiency of one or several genes
within the minimal deletion interval are responsible for
the syndrome. The molecular characterization of the
atypical deletion in patient AU008 provides a consider-
ably reduced minimal deletion interval, from 1.75 Mb to
766 kb, implicating a reduced number of genes (15 ver-
sus 38 Refseq genes). Of these genes, two have been
implicated in autosomal recessive disorders.
Homozygous mutations in STRA6 result in a multiple
malformation syndrome typically associated with
anophthalmia or microphthalmia [19], the latter also
observed in one patient with 15q24 deletion syndrome
[2]. CYP11A1 codes for the mitochondrial cholesterol
side-chain cleavage enzyme (cytochrome P450scc), cata-
lyzing the first step of steroid biosynthesis leading to
production of glucocorticoids, mineralocorticoids and
sex hormones. Homozygous mutations in this gene can
lead to congenital adrenal insufficiency with disordered
sexual differentiation [20].
In addition to CYP11A1, two other genes involved in
metabolism, CYP1A1 and CYP1A2 [21], are found in the
minimal interval. These genes are involved in the meta-
bolism of endogenous and xenobiotic compounds,
including caffeine, theophylline, acetominophen,
naproxen and many psychiatric drugs (see the updated
list at the Indiana University Drug Interaction table
http://medicine.iupui.edu/clinpharm/ddis/table.asp).
Careful assessment of drug dosing and sensitivity is
therefore warranted in 15q24 deletion carriers. As these
enzymes are also important in the metabolism of xeno-
biotics including environmental toxins, both increased
and decreased sensitivity to such toxins might be
expected (see [21] for review).
Focusing on neural expressed genes, review of the
Allen Brain Atlas http://www.brain-map.org expression
data on these genes for four brain regions (cerebellum,
CB; neocortex, CTX; hippocampal formation, HPF; and
amygdala, AMY) shows very high and ubiquitous staining
for UBL7 and region-specific, high levels of expression of
SEMA7A (CB), ARID3B (CTX, HPF, AMY) and CLK3
(CTX, HPF) (see Additional File 3). Of these, SEMA7A
(semaphorin 7A), is crucial for proper axon tract forma-
tion during embryonic development [22,23] and T-cell-
mediated immune function [24]. SEMA7A binds to
plexin-C1 and to integrin-b1 [25,26]. There is evidence
from knockout mice that the effects of SEMA7A in axon
outgrowth are mediated by integrin-b1 and mitogen-acti-
vated protein kinase signaling pathways, possibly thereby
regulating the actin cytoskeleton [22]. Interestingly,
another member of the semaphorin family, SEMA5A,
was recently implicated in ASDs through gene expression
studies [27] and genome-wide association studies [28].
Ingenuity pathway analysis confirmed significant
association of genes in the minimal interval with several
metabolic processes (drug metabolism, small molecule
biochemistry, protein synthesis, lipid metabolism and vita-
min and mineral metabolism; maximum P values
5.7 × 10-07 to 1.2 × 10-05) driven entirely by the three
CYP-family genes. One interesting finding is that PRDM5,
which is a zinc finger protein, binds to seven genes in the
interval (GOLGA6, ISLR2, ISLR, CCDC33, UBL7, ARID3B
and CLK3) and regulates their expression [29], indicating
McInnes et al. Molecular Autism 2010, 1:5
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coordinated regulation of expression, in turn suggesting an
as yet unidentified common functionality. Disruption of
multiple genes in a common pathway is more likely to
lead to observable phenotypes.
Conclusions
We estimate that 15q24 microdeletions are etiologically
significant in ≥~0.1% of patients with ASDs. The atypi-
cal breakpoints observed in our patient narrow the
minimal region of overlap and identify genes for sequen-
cing in additional patients. The 15q24 microdeletion
appears to be more common in males than females (12
versus 2), and the three patients with ASD reported to
date all have paternally derived deletions; these two pre-
liminary observations deserve further investigation.
Additional file 1: Figure S1. Deletion of the UBE2Q2 and FBX022
genes in 15q24.2 in family au058. (a) Schematic representation of the
15q24 microdeletion identified with the Illumina 500 k SNP microarray in
AGRE Family AU058. The map shows a 860 kb region in chromosome
15q24.2 (hg18 chr15: 73,540,000-74,400,000). The 108 kb deletion was
present in two affected brothers (AU058-003 and AU058-004) and in
their healthy father (AU058-002). The vertical bar indicates the LCR
cluster 15q24D (BP2). Other smaller segmental duplications listed in
UCSC are shown at the bottom. (b) The deletion was confirmed by qPCR
using a probe in the UBE2Q2 gene in the two patients and their father;
the mother (AU058-001) had normal gene dosage. Data represent
mean ± SEM.
Additional file 2: Supplementary Table 1. Detailed clinical features in
the present case and in 13 individuals with 15q24 deletions reported in
the literature.
Additional file 3: Supplementary Table 2. Genes within the 15q24
microdeletion critical interval. Refseq genes in the minimal deletion
interval defined by the atypical deletion in patient AU008.
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Supplementary Table 1. Clinical features of individuals with deletions of 15q24 
Sharp et al. (2007) Sharp et al. (2007) Sharp et al. (2007) Sharp et al. (2007) Klopocki et al. (2008) Van Esch et al. (2009) El-Hattab et al. (2009)
IMR349 C45/06 ID204 IMR371 Case 1
Del 15q24 72.15–76.01 Mb 72.15–76.01 Mb 72.15–73.85 Mb 70.40–74.21 Mb 72.2–75.9 Mb 70.6–73.7 Mb 72.252–75.937 Mb
Length 3.86 Mb 3.86 Mb 1.7 Mb 3.72 Mb 3.7 Mb 3.1 Mb 3.686 Mb
Inheritance De novo De novo Unknown De novo De novo De novo De novo
Parental origin Maternal Maternal Unknown Maternal NA NA NA
Age 14 y 14 y 33 y 15 y 10 y 33 y 33 m
Gender M M M M M M M
ASD Autistic features — — — — — —
Language Speaks well Few words Speaks well Simple speech Speech delay Limited speech NA
Echolalia
Articulation difficulties
Development Mild MR Mild MR Mild MR Mild MR Mild MR Severe MR Mild delay
Happy facial — + + + NA NA NA
   expression
Other behavior ADHD — — Sleep disturbances NA Hyperactivity NA
Aggressiveness
Growth Height <P3 Height <P3 Height <P1 Height P25 Height P50 Tall (185 cm) Short stature
Low birth weight (<P3) Low birth weight (<P5) Low birth weight (<P2) Weight P75 Truncal obesity Obese (94 kg)   
HC <P3 HC <P3 HC <P3 HC P50 HC P75 HC >P97 P (60.5 cm)   
Facial High anterior hair line High anterior hair line High anterior hair line High anterior hair line High anterior hair line High anterior hair line High anterior hair line
   features Long narrow face Facial asymmetry Facial asymmetry Facial asymmetry Coarse face Long face Broad forehead
         Long narrow face Full cheeks Small maxilla   
            Large mandible   
Full cheeks
Eye Broad medial eyebrows Broad medial eyebrows Broad medial eyebrows Broad medial eyebrows Broad medial eyebrows Broad medial eyebrows Sparse eye brows
Hypertelorism Hypertelorism Hypertelorism Hypertelorism Down-slanting Hypertelorism Epicanthus 
Down-slanting Down-slanting Down-slanting Long palpebral    palpebral fissures Down-slanting small    
    palpebral fissures    palpebral fissures     palpebral fissures    fissures Periorbital fullness    palpebral fissures
   Strabismus Deep set eyes Nystagmus Deep set eyes Strabismus
   Microphtalmia Epicanthus    Strabismus    
Strabismus Astigmatism
Nose Broad nasal base Broad nasal base Small nose High nasal bridge Hypoplastic nostrils Broad nasal base Depressed nasal bridge
Flaring alae nasi Flaring alae nasi Hypoplastic alae nasi Broad nasal base         
Flaring alae nasi
Mouth Long philtrum Smooth philtrum Long smooth philtrum Long philtrum Long smooth philtrum Long smooth philtrum Long smooth philtrum
Full lower lip Full lower lip Full lower lip Full lower lip    High palate Full lower lip
High arched palate           Bifid uvula    
Crowded teeth
Ear Ear abnormalities Ear abnormalities Small everted ears Normal ears Normal appearance Large ears Ear lobe pit
Hearing loss     Hearing loss         
Tinnitus       
Hands/feet Long slender fingers Proximally implanted Small hands Hypoplastic right Broad thumbs Long slender fingers Small hands
Proximally implanted    thumbs Single palmar crease    thumb Brachydactyly     with distal tapering   
    thumbs Single palmar crease Brachydactyly Contractures of fingers Clinodactyly Clubfeet   
Sandal gap Syndactyly 2-3, 3-4 Pes cavus Delayed carpal
Deep plantar creases    fingers and 2-3 toes Camptodactyly of toes    ossification
Neurologic Wide basal cisterna Neonatal hypotonia — (no MRI) — (no MRI) Hypotonia Hypotonia Hypotonia
   on brain MRI Seizures       Normal brain CT Delayed motor    
Brain MRI: dysplastic          development
   corpus callosum, pituitary    Normal brain imaging
   stalk transection, ectopic    
      neurohypophysis, hypo-           
   plastic adenohypophysis    
Genital Normal Hypospadias Hypospadias Hypospadias Micropenis Micropenis Normal
           Cryptorchidism Cryptorchidism   
Musculoskeletal Scoliosis Scoliosis Joint laxity Joint laxity Joint laxity Scoliosis —
Joint laxity       Narrow chest Lumbar lordosis     
        Valgus deformity Genua valga     
   at ankles
Respiratory Recurrent ear infections Low tone voice Recurrent upper airway Recurrent chest Nasal speech High pitched voice —
       infections    infections Hoarse voice     
         Asthma       
               
Other Growth hormone Edema of extremities Feeding difficulties Diaphragmatic hernia Inguinal and umbilical Diaphragmatic hernia Acute lymphoblastic
   deficiency Growth hormone    as a child Inguinal hernia    hernias Inguinal hernias    leukemia
Delayed puberty    deficiency       Skin laxity Feeding difficulties
Bowel atresia Hypogonadotropic       Splenomegaly Hepatomegaly
Coarse hair of two    hypogonadism       Widely spaced inverted   
   different colors Bowel atresia    nipples
Hairy elbows Elevated triglycerides
   and LDL/HDL ratio
Abbreviations: ADHD, attention deficit-hyperactivity disorder; ASD, autism spectrum disorder; CT, computed tomography; F, female; HC, head circumference; ID, intellectual disability; IUGR, 
intrauterine growth retardation; M, male; MR, mental retardation; MRI, magnetic resonance imaging; NA, not available (not reported); P, percentile; + present; — assessed and absent; ? not assessed
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Supplementary Table 1 continued
El-Hattab et al. (2009) El-Hattab et al. (2009) El-Hattab et al. (2009) Masurel-Paulet et al. (2009) Smith et al. (2000)* Marshall et al. (2008) Present study
Case 2 Case 3 Case 4 SK0243-003 Patient AU008
Del 15q24 72.130–76.080 Mb 70.750–73.856 Mb 70.708–73.856 Mb 70.755-73.856 70.740-73.860 Mb 69.60-73.89 Mb 69.838-72.897 Mb
Length 3.950 Mb 3.106 Mb 3.148 Mb 3.101 Mb 3.120 Mb 4.289 Mb 3.06 Mb
Inheritance Unknown De novo De novo De novo De novo De novo De novo
Parental origin NA NA NA NA Paternal Paternal Paternal
Age 5 m 14 y 9 y 4 y 7 y ? 5 y
Gender F M M M F M M
ASD — — — — Autism ASD Autism
Language NA NA NA 2 words only Language regression, Severe delay Language regression,
   nonverbal    nonverbal (2 words)
Development MR Delayed Moderate MR Moderate to severe MR Severe global delay Severe MR Moderate MR
Happy facial NA NA NA — —    Constant smiling
   expression
Other behavior NA NA Aggressiveness ? Chewing and Hyperactive/attention




Growth Short stature Normal growth Obesity IUGR Normal birth weight Low birth weight (P5)
       Height P50 Height P10 Normal growth 
       Weight P10 Weight P5    afterwards
   HC P10 HC P50
Facial Frontal bossing Normal appearance Facial asymmetry High anterior hair line Long narrow face Severe dysmorphism High anterior hair line
   features Brachycephaly   Round face Micrognathia Pointed chin (no details) Long narrow face
    
      
Eye Hypertelorism Down-slanting Normal appearance Sparse eyebrows Epicanthus Broad medial eyebrows
Epicanthus    palpebral fissures    Down-slanting Strabismus Epicanthus
   Epicanthus       palpebral fissures Hypertelorism
   Epicanthus Congenital nystagmus
   Hypertelorism
         Strabismus
   Anisocoria
Nose Broad upturned Normal appearance Normal appearance — Depressed nasal bridge Normal appearance
   nasal tip     
Mouth Small mouth Small mouth Smooth philtrum Long philtrum Thin upper lip Full lower lip
        Small mouth Wide dental spacing Widely spaced teeth
        Glossoptosis    in the upper jaw
   Narrow anterior palate
Ear Normal appearance Thick, small ears Cup-shaped protruding Anteverted ear lobes — Protuberant ears
  Ear lobe pit    ears
Hands/feet Overriding second toes Long first toes and Brachymesophalangy — Flat nails Single palmar crease
Clinodactyly    short second toes     II and V Syndactyly 2-3 toes
Clubfeet   Clinodactyly
Pes planus
Neurologic Myelomeningocele Hypotonia Hypotonia Hypotonia Hypotonia Brain CT: minimal
Hydrocephalus      Delayed motor Delayed motor    cortical atrophy
   development    development Delayed motor
Brain MRI: mutiple cysts Regression 29 m    development
   of the corpus callosum Brisk tendon reflexes
        Normal brain CT
Genital Normal Hypospadias Micropenis Micropenis Normal
      
Musculoskeletal — Joint laxity Joint laxity Kyphosis Pectus excavatum Severe scoliosis Mild scoliosis
  Pectus carinatum   Lax fingers Joint laxity
      
Respiratory — Recurrent ear infections Recurrent ear infections — Frequent infections Recurrent respiratory
Velo-pharyngeal      infections
   insufficiency    Asthma
Soft nasal speech   Chronic allergic rhinitis
Other Tetralogy of Fallot Café au lait spots Café au lait spots — Light skin, hair and Diaphragmatic hernia Polyhydramnios
Feeding difficulties Acanthosis nigricans    eyes
  
       
          
* The deletion reported by Smith et al. (2002) was originally mapped by FISH to 15q22-q23, but subsequent analysis using Affymetrix SNP 6.0 microarrays revealed a 15q24 deletion (Moyra 
Smith, personal communication)
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Supplementary Table 2. Genes within the 15q24 microdeletion critical interval
Gene ID Gene name Start End Associated human disease
CB CTX HPF AMY
GOLGA6 Golgi autoantigen, golgin 
subfamily a, 6
72 149 251 72 161 944 ND ND ND ND
ISLR2 Immunoglobulin superfamily 
containing leucine-rich repeat 2
72 208 768 72 216 196 4.1 3.6 18.1 1.4
ISLR Immunoglobulin superfamily 
containing leucine-rich repeat
72 253 140 72 256 265 11.4 3.0 9.4 2.9
STRA6 Stimulated by retinoic acid gene 6 
homolog
72 273 784 72 288 424 Homozygous mutations result 
in a multiple malformation 
syndrome with anophthalmia
7.1 1.2 5.4 3.4
CCDC33 Coiled-coil domain containing 33 72 315 720 72 415 535 ND ND ND ND
CYP11A1 Cytochrome P450, subfamily XIA, 
polypeptide 1
72 417 156 72 447 134 Homozygous mutations result 
in congenital adrenal 
insufficiency with 46,XY sex 
reversal
2.7 5.6 3.2 1.8
SEMA7A Semaphorin 7A 72 488 684 72 513 352 72,0 16.9 8.8 0.5
UBL7 Ubiquitin-like 7 72 525 371 72 540 563 100 100 100 100
ARID3B AT rich interactive domain 3B 72 620 601 72 677 525 13.3 73.1 42.3 45.8
CLK3 CDC-like kinase 3 72 687 766 72 709 595 25.1 53.2 53.7 17.4
EDC3 Enhancer of mRNA decapping 3 72 709 953 72 775 439 100 32.8 17.1 0
CYP1A1 Cytochrome P450, family 1, 
subfamily A, polypeptide 1
72 798 936 72 804 930 0.9 0.9 1.3 0.4
CYP1A2 Cytochrome P450, family 1, 
subfamily A, polypeptide 2
72 828 237 72 835 994 6.7 9.1 6.2 6.0
CSK c-src tyrosine kinase 72 861 478 72 882 592 15.4 13.8 19.5 15.5
LMAN1L Lectin, mannose-binding, 1 like 72 892 247 72 905 152 9.8 9.9 8.6 0.8
Brain expression
(hg 18 coordinates)
Mouse brain expression values were derived from the Allen Brain Atlas (http://www.brain-map.org/) and reflect average expression levels 
over a particular region normalized to 'maximum possible expression' (which is in turn derived from a set of ubiquitously expressed 
genes). Qualitatively similar results were observed using expression density (defined as the number of expressing cells in a given region 
normalized to the maximum possible number of expressing cells in the same region, again derived from a set of ubiquitous genes in that 


























































Autism multiplex family with 16p11.2p12.2
microduplication syndrome in monozygotic twins
and distal 16p11.2 deletion in their brother
Anne-Claude Tabet1,2,3,4, Marion Pilorge2,3,4, Richard Delorme5,6, Fre´de´rique Amsellem5,6, Jean-Marc Pinard7,
Marion Leboyer6,8,9, Alain Verloes10, Brigitte Benzacken1,11,12 and Catalina Betancur*,2,3,4
The pericentromeric region of chromosome 16p is rich in segmental duplications that predispose to rearrangements
through non-allelic homologous recombination. Several recurrent copy number variations have been described recently
in chromosome 16p. 16p11.2 rearrangements (29.5–30.1Mb) are associated with autism, intellectual disability (ID) and
other neurodevelopmental disorders. Another recognizable but less common microdeletion syndrome in 16p11.2p12.2
(21.4 to 28.5–30.1Mb) has been described in six individuals with ID, whereas apparently reciprocal duplications, studied
by standard cytogenetic and ﬂuorescence in situ hybridization techniques, have been reported in three patients with autism
spectrum disorders. Here, we report a multiplex family with three boys affected with autism, including two monozygotic twins
carrying a de novo 16p11.2p12.2 duplication of 8.95Mb (21.28–30.23Mb) characterized by single-nucleotide polymorphism
array, encompassing both the 16p11.2 and 16p11.2p12.2 regions. The twins exhibited autism, severe ID, and dysmorphic
features, including a triangular face, deep-set eyes, large and prominent nasal bridge, and tall, slender build. The eldest
brother presented with autism, mild ID, early-onset obesity and normal craniofacial features, and carried a smaller, overlapping
16p11.2 microdeletion of 847 kb (28.40–29.25Mb), inherited from his apparently healthy father. Recurrent deletions in this
region encompassing the SH2B1 gene were recently reported in early-onset obesity and in individuals with neurodevelopmental
disorders associated with phenotypic variability. We discuss the clinical and genetic implications of two different 16p
chromosomal rearrangements in this family, and suggest that the 16p11.2 deletion in the father predisposed to the formation
of the duplication in his twin children.
European Journal of Human Genetics (2012) 20, 540–546; doi:10.1038/ejhg.2011.244; published online 11 January 2012
Keywords: duplication 16p11.2p12.2; deletion 16p11.2; autism; intellectual disability; SH2B1; SNP array
INTRODUCTION
Autism spectrum disorders (ASD) are neurodevelopmental disorders
characterized by impairments in social communication and by
restricted and stereotyped behaviors and interests, with an onset in
the ﬁrst 3 years of life and a sex ratio heavily skewed towards males
(4:1). ASD are etiologically heterogeneous.1 About 10–20% of indivi-
duals have an identiﬁed genetic etiology, including chromosomal
rearrangements, Mendelian disorders (eg, fragile X syndrome, tuberous
sclerosis, Rett syndrome), rare mutations in synaptic genes (eg,
NLGN4X, SHANK3, SHANK2), and copy number variations (CNVs).
Microscopically visible chromosomal aberrations are observed in about
5% of individuals with autism.2 The most frequent cytogenetic
abnormality is maternal duplication 15q11q13; other recurrent abnor-
malities include deletions of 2q37, 22q11.2 and 22q13. Some of
these recurrent rearrangements arise through non allelic homologous
recombination (NAHR) between paired segmental duplications.3
As the short arm of chromosome 16 is rich in intrachromosomal
segmental duplications, several microdeletion and microduplication
syndromes have been described arising through NAHR. Recurrent
B600 kb deletions and duplications in the 16p11.2 region (29.5–
30.1Mb) are associated with a wide spectrum of neurobehavioral
abnormalities, including ASD, intellectual disability (ID), attention
deﬁcit hyperactivity disorder (ADHD), seizures and schizophrenia.4–9
Dysmorphic features and congenital anomalies are also observed
frequently.6,7 In addition, 16p11.2 deletions and duplications increase
the risk of obesity and being underweight, respectively.10,11 Another
microdeletion syndrome in 16p11.2p12.2 involving aB7–9Mb region
(with a common distal breakpoint at 21.4Mb and proximal break-
points varying between 28.5 and 30.1Mb) was identiﬁed recently in
six patients with common dysmorphic features and developmental
delay without autism.12–14 Three patients carrying a 16p11.2p12.2
duplication had been described earlier,15,16 but as these cases were
Received 23 May 2011; revised 4 October 2011; accepted 23 November 2011; published online 11 January 2012
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studied by standard cytogenetic and ﬂuorescence in situ hybridization
(FISH) techniques, it is difﬁcult to prove that they are the reciprocal
duplication product of the 16p11.2p12.2 microdeletion syndrome.
The three patients had ASD and short stature, but only one had ID
and dysmorphic features.15,16 A 16p11.2p12.2 duplication identiﬁed
prenatally was also reported.17 Thus, the phenotype of the 16p11.2p12
duplication is not well deﬁned.
Here, we report a multiplex family with three boys with autism,
including two monozygotic twins with severe ID and dysmorphic
features carrying a de novo 16p11.2p12.2 duplication encompassing
both the region implicated in the 16p11.2p12 microdeletion syndrome
and the 16p11.2 region predisposing to ASD. The eldest brother carried
a smaller, overlapping paternally-inherited microdeletion in the distal
16p11.2 region recently involved in early-onset obesity.18 We present the
phenotype, cytogenetic and molecular ﬁndings in the three patients and
discuss the genetic heterogeneity observed in this multiplex family.
CLINICAL REPORTS
Patient 1
Patient 1 is a 21-year-old male, the ﬁrst child of non-consanguineous
parents. The father is Caucasian, the mother is from Mauritius. The
father declined neuropsychological evaluation but was described by his
wife as being non talkative, introverted and having few social relation-
ships. One of his brothers (among 10 sibs) had severe ID with
epilepsy; he died at age 42; no further details were available. The
maternal personal and family history was negative.
This boy was born at 41 weeks after an uneventful pregnancy;
prolonged labor required the use of forceps. Birth weight was 3450 g
(44th centile), length 51 cm (65th centile), and occipitofrontal circum-
ference (OFC) 36 cm (54th centile). Apgar scores were 6 and 10 at 1
and 5min, respectively. Early development was normal; he walked at
15 months. He had gastroesophageal reﬂux and was operated for
adenoidectomy and orchidopexy during childhood. The parents
reported hyperactivity, motor stereotypies (ﬂapping) and noise intol-
erance at the age of 2 years. Speech was severely delayed, with ﬁrst
words at 10 years. At 4 years, he was diagnosed with autism based on
DSM-IV criteria. He met criteria for autism on the Autism Diagnostic
Interview-Revised. (Supplementary Table 1 shows the scores of the
behavioral evaluations in the three siblings.) Obesity appeared in
childhood; at 7 years 6 months, he was 135 cm tall and weighed
37.6 kg (body mass index (BMI) 20.6, 497th centile). He attended a
special school where he acquired basic skills in reading and writing. At
16 years, his IQ was 47.
When examined at the age of 19, he was 187 cm tall (+2.5 SD),
weighed 91.5 kg (+4SD) and had an OFC of 58.5 cm (+1.5 SD). He
had mild troncular obesity (BMI 26), and some unusual facial features
(deep-set eyes, thick supra-orbital ridge with thick eyebrows, wide and
prominent nasal bridge, receding chin and everted lower lip), which
were difﬁcult to assess considering his mixed ethnic background
(Figure 1a). He had extensive acanthosis nigricans, mainly in the
neck, axillae, and groin. Neurological examination was normal. His
expressive language remained limited to restrictive sentences, mostly
dyssyntaxic, equivalent to a developmental age of 4 years.
Karyotype, fragile X testing, telomere analysis by multiplex ligation
probe ampliﬁcation and metabolic screening (amino acids, mucopo-
lysaccharides, organic acids, and uric acid) were normal. Brain MRI
performed at 5 years was normal. At 12 years, sleep polysomnography
to explore difﬁculties to fall asleep showed temporo-occipital and
temporo-parietal hypersynchrony with rapid rhythmic waves, but no
signiﬁcant epileptic event.
Patient 2
Patient 2 was born at term from a monochorionic, monoamniotic
twin pregnancy. Birth weigh was 2450g (4th centile), length 47 cm (13th
centile) and OFC 33cm (9th centile), with Apgar scores of 10 at 1 and
5min. A small ventricular septal defect was diagnosed in the neonatal
period and closed spontaneously. He wore glasses for myopia and
strabismus since the ﬁrst months of life. Recurrent ear, nose, and throat
infections required adenoidectomy. Early development was considered
normal, with walking at 15 months and ﬁrst words before age 2.
However, verbal communication and social interaction vanished com-
pletely in 4 months after the 26th month. Frequent outbursts and
stereotypies such as auditory self-stimulation started at that time. At 3
years of age, he was diagnosed with autism, according to DSM-IV criteria.
He also met criteria for autism on the Autism Diagnostic Interview-
Revised. His behavioral difﬁculties made long-term schooling impossible
until he was 14 years old, when he entered an inpatient clinic. Additional
psychiatric evaluations were conducted at 18 years. The patient remained
severely handicapped; he was not fully toilet-trained and required
assistance for most basic needs, but was able to feed and dress himself.
He was non-verbal, but had acquired basic communication skills using
pictograms. Assessment with the Autism Diagnostic Observation Sche-
dule was difﬁcult because of hyperactivity but conﬁrmed the diagnosis of
autism. He was unable to complete the Raven’s Colored Progressive
Matrices test. The scores on the Vineland Adaptive Behavior Scales II
indicated severe to profound ID. Sleep difﬁculties, hyperactivity, and
impulsivity were treated with melatonin and risperidone.
When examined at 17 years of age, he was 173 cm tall (mean),
weighed 49kg (2 SD) and had an OFC of 55 cm (1 SD). He had a
triangular face, with broad forehead and prominent orbital ridge
(Figure 1b). The eyebrows were thick on the outer part, with a
marked upslant; the eyes were deep set, the palpebral ﬁssures were
Figure 1 Photos of patients 1–3. (a) Patient 1, showing some unusual facial features (deep-set eyes, thick supra-orbital ridge with thick eyebrows, wide and
prominent nasal bridge, receding chin and everted lower lip). (b, c) Patient 2 (left) and 3 (right); note similar dysmorphic features with hypertelorism,
upslanting palpebral ﬁssures, broad nasal bridge and tip, everted lower lip and retrognathia with marked chin. (d) Sternum deformity in patient 2 (also
present in his twin brother).
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wide, almond shaped and upslanted and he had alternating strabis-
mus. The nose had a prominent and large bridge, a wide, bulbous tip,
and anteverted nares. The philtrum was tented, with a wide philtral
groove and a wide cupid’s bow, a thin vermillion border and everted
lower lip. There was marked overbite and retrognathia despite the
presence of a marked chin. The ears were tilted backward. He had a
very slender habitus, poor muscle mass in limbs, hypotrophic thenar
muscles, cubitus valgus, and mild scoliosis. An asymmetric sternal
deformity was noted, with increased Louis angle, bulge of the upper
part of the sternum, and depression of the lower part (Figure 1d). He
had long ﬁngers and toes, with hypermobile small joints, bilateral
single palmar creases and sandal gap. Acanthosis nigricans was present
in the neck. Neurological examination was normal, except for absent
knee, bicipital and achillean reﬂexes, and pes cavus, without pyramidal
signs. Further evaluations to rule out a peripheral neuropathy could
not be performed because of non-compliance.
High-resolution karyotype showed an interstitial duplication on
chromosome 16p. Fragile X testing, uric, lactic and pyruvic acid,
plasma organic acids and amino acids were all normal except for
isolated increase in cysteine in the latter. Brain MRI at 30 months
showed white matter hyperintensities with moderate cortical atrophy
and thin corpus callosum. An abdominal ultrasound and electroence-
phalogram were normal.
Patient 3
The clinical presentation of patient 3 is very similar to that of his twin
brother (patient 2), but he had no heart defect. His development
followed an identical course, with verbal regression at 24 months. His
cognitive abilities were also similar (Supplementary Table 1), but his
behavior was more problematic, with frequent bouts of self-injurious
behavior, clastic crises, and severe sleep disturbances. At 18 years, he
was 172 cm tall (mean), weighed 55 kg (1 SD) and had an OFC of
55m (1 SD). He had dysmorphic features similar to his twin brother
(Figure 1c), including the sternum malformation. The results of the
karyotype, fragile X, brain MRI and metabolic screening were the
same as in his twin brother.
METHODS
Cytogenetic analysis and FISH
High-resolution karyotypes were performed on peripheral blood lymphocytes
using RHG and GTG banding. FISH using a whole chromosome painting probe
for chromosome 16 (Oncor, Gaithersburg, MD, USA) was performed on
metaphase spreads of the twins. Bacterial artiﬁcial chromosomes ADELA-1G01
and APADA-2A01 (Integragen, Evry, France) were used to conﬁrm the duplication.
Whole-genome single-nucleotide polymorphism (SNP) array
Genomic DNA was analyzed with the HumanCNV370-Duo DNA Analysis
BeadChip (Illumina, San Diego, CA, USA) containing over 370 000 markers,
the majority of which are SNPs. The mean resolution is B20kb. SNP copy
numbers (log R ratio) and B allele frequencies were assessed using the Illumina
BeadStudio software v3.2. CNV analysis was performed using CNV partition
v3.1.1 (Illumina) and PennCNV algorithms (www.openbioinformatics.org).
Genomic locations are based on NCBI Build 36 (hg18).
Real-time quantitative PCR (qPCR)
qPCR with the Universal Probe Library (Roche, Indianapolis, IN, USA) was
used to conﬁrm and map the CNVs, as described previously.19 Data analysis
was performed with the qBase software (http://medgen.ugent.be/qbase/).
RESULTS
High-resolution karyotype (800 bands) in the twins (patients 2 and 3)
showed additional material on the short arm of one chromosome 16.
The whole chromosome 16-painting probe completely painted both
chromosomes 16, showing that the extra material was from chromo-
some 16. Parental karyotypes were normal, indicating that the inter-
stitial 16p duplication occurred de novo. The karyotype of patient 1
was also normal. FISH analysis using clones ADELA-1G01 (16p12.1)
and APADA-2A01 (16p11.2) in one of the twins (patient 2) demon-
strated a direct tandem duplication and ruled out an inversion in the
parents (data not shown).
High-resolution SNP array in patient 2 conﬁrmed the presence
of a B8.95Mb duplication at 16p11.2p12.2 ﬂanked by segmental
duplications; the minimal and maximal estimated sizes of the duplica-
tion are 21282605-30235818 and 21273056-30239704 (Figures 2a
and 3). Analysis of genotypes and B allele frequency in the dupli-
cated segment showed that the rearrangement arose on the paternal
chromosome. No other rare CNVs were observed in patient 2
(Supplementary Table 2).
The microarray in the eldest brother (patient 1) showed a 847 kb
microdeletion in 16p11.2 (28401454-29249055) (Figures 2a and 3).
The same deletion was present in the father, whereas the mother had a
normal proﬁle (Figure 2a). The other CNVs identiﬁed in patient 1
were reported in the Database of Genomic Variants (http://projects.
tcag.ca/variation) (Supplementary Table 2).
The results of the SNP arrays were conﬁrmed by qPCR (Figure 2b).
In patients 2 and 3, the qPCR conﬁrmed the duplication of VWA3A
located at 16p12.1, and NUPR1, LAT, and ALDOA located at 16p11.2,
with normal dosage of the genes ﬂanking the rearranged region. In
patient 1 and the father, both NUPR1 and LAT were deleted.
DISCUSSION
16p11. 2p12.2 rearrangements
We report a family with three children with autism, carrying different
rearrangements on an overlapping region of chromosome 16p. The
monozygotic twins carried a de novo 8.95Mb duplication in
16p11.2p12.2 (21.28–30.23Mb), encompassing the region associated
with the novel 16p11.2p12.2 microdeletion syndrome.12 The six
deletion carriers described so far exhibit similar dysmorphic features,
ID, severe language impairment, short stature, feeding difﬁculties and
recurrent ear infections.12–14 None was reported to have autism or
autistic traits, although only one was assessed formally for ASD.13
These subjects share a common distal breakpoint around 21.4Mb, but
differ in the proximal breakpoint, ranging from 28.5 to 30.1Mb.12
Our patients are the ﬁrst with a molecularly characterized
16p11.2p12.2 duplication. Apparently reciprocal duplication of the
16p11.2p12.2 region has been reported in three patients,15,16 as well as
in a fetus diagnosed prenatally;17 all were studied by standard
cytogenetic analysis and FISH. The clinical features of the twins and
previously reported patients are summarized in Supplementary Table 3;
the only shared feature is ASD. Awoman with autism, anxiety disorder
and ADHD transmitted the duplication to her daughter, who had
ASD and limited language; neither one had ID or dysmorphic
features.15,16 The third case, a male, had a more severe phenotype,
with autism, severe ID, epilepsy, and dysmorphic features including
hypertelorism, broad nasal bridge and tip, wide mouth, short stature,
and club feet.16 In addition, a girl carrying a complex 16p11.2p12.1
rearrangement involving a duplication and triplication had moderate
ID, short stature, and dysmorphic features with short palpebral
ﬁssures, and wide nasal bridge and tip; she was described as friendly
and talkative.12 The twins described here had autism, severe ID and
dysmorphic features including deep-set eyes and large nasal bridge
and tip. They had recurrent infections during childhood, like the boy
described previously.16 On the basis of this limited number of patients,
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duplications of the 16p11.2p12.2 region appear to be associated with a
more variable phenotype compared with deletions, with ASD being
the only constant feature identiﬁed thus far. Other cases of molecularly
deﬁned 16p11.2p12.2 duplications are necessary in order to clarify the
genotype–phenotype correlation.
The centromeric end of the 16p11.2p12.2 deletion can overlap the
600-kb region in 16p11.2 (29.5–30.1Mb) associated with autism and
other neurodevelopmental disorders.12 The duplication in the twins
also encompassed this 16p11.2 region. Initially reported in up to 1%
of patients with ASD, this CNV was shown to occur in 0.3–0.4% of
ASD subjects in two recent large studies,20,21 and in 0.6% patients
submitted for clinical array-CGH.6 Both the deletion and the duplica-
tion are associated with phenotypic heterogeneity, ranging from ASD,
ID, multiple congenital anomalies, and learning and speech problems,
to an apparently normal phenotype,6–8,22 but the deletion seems to be
more penetrant compared with the duplication.8 In addition to
cognitive impairment and language deﬁcits, individuals with the
16p11.2 duplication can exhibit motor delay, behavioral problems
including ASD, ADHD, aggression or outbursts, schizophrenia,
epilepsy, dysmorphic features without a recognizable pattern, and
rare congenital anomalies.5–8,23 Patients with microdeletion are at
increased risk for obesity,7,10 whereas the duplication is associated with
being underweight.11 In common with other 16p11.2 duplication
carriers, the twins had autism, ID, lack of speech, severe behavioral
problems with hyperactivity and clastic crises, dysmorphic features,
and a tendency to being underweight (1 to2 SD). One of the twins
had a ventricular septal defect; a microduplication carrier with a
similar heart abnormality was reported previously.23 Other features
found in patients 2 and 3, such as the sternal deformity and the
muscular hypotrophy with absent reﬂexes, suggestive of peripheral
neuropathy, have not been described before, either in association with
16p11.2 duplications or the larger 16p11.2p12.2 duplications.
The duplicated segment in the twins encompasses 125 RefSeq genes,
including numerous brain-expressed genes with potential roles in
neurodevelopment. Increased dosage of one or more genes in the
16p11.2p12.2 or the 16p11.2 regions could contribute to their phe-
notype, given that ASD, ID, and dysmorphic features have been
reported in both.
SH2B1-containing distal 16p11.2. deletion
In the eldest brother (patient 1), the oligonucleotide array revealed a
deletion of 847 kb in the 16p11.2 region (28.40–29.25Mb), inherited
from his healthy father. This microdeletion does not overlap the
proximal 16p11.2 locus associated with ASD and ID, and encompasses
19 RefSeq genes (Figure 3). Interestingly, deletions in this region were

































































Figure 2 Microarray and qPCR results. (a) SNP array proﬁles of chromosome 16 showing a 16p11.2 deletion in patient 1, inherited from his father (both
highlighted in red), a de novo 16p11.2p12.1 duplication in patient 2 (highlighted in blue), and a normal proﬁle in the mother. (b) qPCR probes conﬁrmed
the 16p11.2p12.2 duplication in the twins (patients 2 and 3) and the 16p11.2 deletion in patient 1 and the father compared with three controls. Data
represent mean±SEM. The color reproduction of this ﬁgure is available at European Journal of Human Genetics journal online.
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16p11.2 del/dupdistal 16p11.2 del
Since online publication, the weight of the rules in ﬁgure 3 have been corrected
Figure 3 Map of the short arm of chromosome 16 with a summary of abnormalities identiﬁed in the 16p11.2-p12.2 region. Schematic representation of
chromosome 16p showing the 16p11.2-p12.2 duplication in patients 2 and 3 (thick blue line) and other overlapping rearrangements reported previously: four
duplications (thin blue lines), six deletions (red lines) and one complex rearrangement involving a duplication and a triplication (purple line). The location of ﬁve
recurrent microdeletion/microduplication syndromes is represented by blue rectangles on the ideogram. A detailed map of B9Mb (21177300-30296811, hg 18),
comprising the duplication in patients 2 and 3 (thick blue line) and the deletion in patient 1 and the father (thick red line) is shown. Additional horizontal thin red
lines indicate deletions described previously in individuals with obesity, developmental delay (DD), learning disability (LD), congenital anomalies of the kidney and
urinary tract (CAKUT), or Hirschsprung disease (HSCR). The patient marked with an asterisk was too young to evaluate the manifestations reliably. qPCR probes
are shown as vertical bars; black bars represent a normal copy number, blue bars indicate a duplication (in patients 2 and 3) and red bars indicate a deletion (in
patient 1 and the father). Horizontal green lines indicate the location of structural variations identiﬁed in non-bacterial artiﬁcial chromosomes studies according to
the Database of Genomic Variants (DGV). The inset shows a simpliﬁed interpretation of the segmental duplications located in the 16p11.2-p12.2 region (UCSC
genome browser). See Supplementary Note for a detailed description of these segmental duplications and their possible role in the observed rearrangements in
the family described here. The color reproduction of this ﬁgure is available at European Journal of Human Genetics journal online.
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region of 220 kb (28.73–28.95Mb)18 (Figure 3). Patients with longer
deletions extending through the 600-kb region associated with ASD/
ID exhibited developmental delay in addition to obesity. The 220-kb
deletion was also identiﬁed in 2 out of 7366 controls. The minimal
deleted interval contains nine genes (Supplementary Table 4), includ-
ing SH2B1, which encodes an adapter protein involved in leptin and
insulin signaling. Sh2b1 disruption in mice results in obesity and
insulin resistance, a phenotype rescued by neuron-speciﬁc expression
of SH2B1.24 Patient 1 had childhood obesity, whereas his father
showed a tendency to be overweight, supporting the role of the
SH2B1-containing region in obesity. However, in contrast to the
patients with 16p11.2 deletions reported by Bochukova et al,18 who
rapidly gained weight in the ﬁrst years of life and became severely
obese, our patient ﬁrst met criteria for obesity at the age of 7 years
(BMI 20.6,497th centile) and when last examined at 19 years, he was
mildly overweight, with a BMI of 26 (84th centile).
The frequency of the SH2B1-containing 220-kb deletion in patients
with severe obesity is 0.51% (7/1362),18 whereas the 600-kb 16p11.2
deletion has a frequency of 0.36% in individuals ascertained for
obesity (15/4197).10 Thus, both CNVs are among the most frequent
genetic causes of obesity, after melanocortin-4 receptor (MC4R) point
mutations.
The SH2B1-containing 16p11.2 deletion was recently reported in 31
of 23084 patients with developmental disabilities referred for chro-
mosomal microarray analysis.25 Only deletions not overlapping the
ASD/ID proximal 16p11.2 CNV were included. When compared
with published control datasets, where a single 200-kb deletion was
identiﬁed in 7700 subjects (0.013%), deletions in this region appeared
to be signiﬁcantly enriched in the patient population (0.13%). Among
13 patients in which inheritance was determined, 5 were de novo.
Detailed clinical information was only available for six subjects; all had
developmental delay of varying severity, two had ASD, three had
dysmorphic features and four had BMI Z95th centile. Because the
enrichment analysis was performed with control data generated on
different microarray platforms with varying sensitivity and speciﬁcity,
these ﬁndings need to be replicated. Future studies, comparing the
frequency of 16p11.2 deletions that include the SH2B1 gene in large
samples ascertained for obesity alone, ID/ASD alone or both pheno-
types, will help clarify the impact of this CNV in neurodevelopmental
disorders.
Additional reports of 11 individuals with overlapping 16p11.2 distal
deletions have been published recently (Figure 3), associated with
highly variable phenotypes, including developmental delay (n¼5),
learning difﬁculties (n¼1), behavioral problems such as ASD (n¼2)
and ADHD (n¼1), unusual facial features (n¼6), obesity (n¼4),
diabetes (n¼2), seizures (n¼1), congenital anomalies of the kidney
and urinary tract (n¼2), and Hirschprung disease (n¼2).7,22,26,27
Three of the deletions were de novo, ﬁve paternally inherited and
three unknown. Two carrier relatives, a father and a sister, had obesity
and diabetes, but were otherwise reportedly healthy.27
Of the other eight genes contained in the minimal deleted region,
three are involved in autosomal recessive disorders (TUFM, ATP2A,
CD19), three are involved in immunity (NFATC2IP, LAT, ATXN2L),
RABEP2 has a role in membrane trafﬁcking, and little is known
about the function of SPNS1 (Supplementary Table 4). SH2B1 haplo-
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Figure 4 Proposed mechanism for the formation of the 16p11.2-p12.2 duplication in the twins. (a) Chromosome 16p region comprising the duplication in
the twins (blue line) and the 16p11.2 deletion in the father (red line). Blocks of segmental duplications in the same orientation with a high degree of
identity overlapping the breakpoint regions are represented by green arrows (see Supplementary note for details). Letters A–E indicate the chromosomal
regions represented in the panels below. (b) One of the paternal chromosomes (orange) carries a deletion of the segment identiﬁed as C. During meiosis, the
normal chromosome (blue) forms a deletion loop; the genome architecture of the region facilitates misalignment of directly oriented segmental duplications,
followed by NAHR within the loop. (c) Interchromatid mispairing of direct repeats results in duplication (the recombinant product transmitted to the twins)
and deletion. The color reproduction of this ﬁgure is available at European Journal of Human Genetics journal online.
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obesity,24 could also participate in neurodevelopmental and other
phenotypes. The widely expressed scaffold protein SH2B1 binds to a
variety of ligand-activated receptor tyrosine kinases, including the
receptors for nerve growth factor, insulin and insulin-growth factor 1.
SH2B1 facilitates glial-cell-line-derived neurotrophic factor-induced
neurite outgrowth through RET receptor signaling.28 Through its
implication in the RET-glial-cell-line-derived neurotrophic factor
signaling pathway, SH2B1 could also have a role in the abnormalities
of renal morphogenesis and enteric innervation seen in patients with
distal 16p11.2 deletions.26
Potential molecular mechanisms
Most recurrent CNVs described in the short arm of chromosome 16
occur through NAHR.5,12,18 A NAHR mechanism is also likely to be
involved in the rearrangements observed in the present family, as the
breakpoints of the 16p11.2p12.2 duplication and the 16p11.2 micro-
deletion were found to map within segmental duplications with a high
degree of sequence identity (see Figure 3 and Supplementary Note).
Both the duplication and the deletion are from paternal origin.
Analysis of genotypes and B allele frequency indicated that patients
1 and 2 shared the same paternal allele in the telomeric part of the
region encompassing the duplication in the twins, but they inherited
different paternal alleles in the region overlapping the deletion and the
distal part of the duplication (Supplementary Table 5). This suggests
that during meiosis in the father, a crossing over between the two
homologous chromosomes 16 occurred distal to the deleted region.
Thus, patient 1 inherited part of the normal allele and part of the
deleted allele comprising the deleted region.
We hypothesize that the 16p11.2 deletion in the father might have
facilitated the appearance of the duplication in his twin children
because of the formation during meiotic pairing of a deletion loop in
the normal chromosome 16, together with misalignment of segmental
duplications in the same orientation sharing498% sequence identity
(Figure 4 and Supplementary Note). After an intrachromosomal
crossing-over within the loop, the recombined allele carried a direct
duplication of the segment comprised in the loop. Thus, on the basis
of the suggested mechanism, the distal 16p11.2 microdeletion impli-
cated in obesity18 could contribute to increased risk of rearrangements
of the 16p pericentromeric region in the progeny, some of which can
result in ASD or other neurodevelopmental disorders, like in the
present family. Further cases are needed to conﬁrm this hypothesis.
CONCLUSION
This multiplex family highlights the profound genetic heterogeneity
underlying autism, including instances of intrafamilial heterogeneity
like the one reported here. Although the de novo 16p11.2p12.2
duplication is the likely cause of ASD, ID, and malformations in the
twins, the contribution of the paternally inherited SH2B1-containing
16p11.2 deletion to the neurological phenotype of the eldest brother is
unclear at present, and further studies in large samples are needed to
enable genotype/phenotype correlations.
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Autism multiplex family with 16p11.2p12.2 microduplication syndrome in 
monozygotic twins and distal 16p11.2 deletion in their brother 
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Inset of Figure 2. 
The segmental duplications in the 16p11.2-p12.2 region have been assigned the alphanumeric IDs A1-A2, B1-
B3, C1-C2, D1-D6, E1-E3 and F1-F3. Segmental duplications A1 and A2 are 110 kb in size, are in the same 
orientation and share >98% sequence identity. The distal (telomeric) breakpoint of the duplication in the twins 
(Patients 2 and 3) is located at A1, whereas the proximal (centromeric) breakpoint of the deletion in their non-
twin brother (Patient 1) and the father is located at A2. Segmental duplications B1-B3 are ~55 kb in size, are 
oriented in the same way and share >99% sequence identity. As A1 and A2, segmental duplications B1 and B2 
are located at the distal breakpoint of the duplication and the proximal breakpoint of the deletion, respectively, 
whereas B3 is located at the proximal breakpoint of the duplication. Segmental duplications C1 and C2 are ~42 
kb in size, are oriented in the same way and share >98% sequence identity. The proximal and distal 
breakpoints of the duplication are located at segmental duplications C1 and C2, respectively. Segmental 
duplications D1-D6 are 15-20 kb in size, are oriented in the same way and share >98% sequence identity. D1-
D6 are present at all distal and proximal breakpoints of the deletion and the duplication. Segmental 
duplications E1-E3 are 15 kb in size, are in the same orientation and share >98% sequence identity. 
Segmental duplications F1-F3 are 7.6 kb in size and share >98% sequence identity. 
 2 
Supplementary Table 1. Psychiatric, cognitive and developmental evaluations of the siblings 




Sex Male Male Male 






Inheritance Paternal de novo de novo 
Clinical and research diagnosis Autism Autism Autism 
ADI-R    
 Age at evaluation 5 y 1 mo 3 y 2 mo 3 y 2 mo 
 Social (cutoff 10) 17 23 22 
 Communication (cutoff 7) 14 (non verbal) 14 (non verbal) 13 (non verbal) 
 Repetitive behavior (cutoff 3) 7 4 3 
 Onset (cutoff 1) 5 4 4 
 ADI-R diagnosis Autism Autism Autism 
ADOS (module 1)    
 Age at evaluation — 18 y 5 mo 18 y 5 mo 
 Communication (cutoff 4) — 6 6 
 Social Interaction (cutoff 7) — 14 13 
 Total (cutoff 12) — 20 19 
 Play — 4 4 
 Interests and Behavior — 8 8 
 ADOS diagnosis — Autism Autism 
IQ measure    
 Scale WISC-III RCPM RCPM 
 Age at evaluation 16 y 18 y 4 mo 18 y 4 mo 
 Full scale IQ 47 <1st centile <1st centile 
 Verbal IQ 50 — — 
 Performance IQ 50 — — 
VABS II
1
    
 Age at evaluation 5 y 2 mo 18 y 5 mo 18 y 5 mo 
 Communication 13 11 9 
 Daily living 20 23 21 
 Socialization 15 1 1 
 Maladaptive behaviors 38 20 23 
CARS    
 Age at evaluation — 10 y 3 mo 10 y 3 mo 
 Composite score — 37 38 
 Severity — Mild-moderate autism Severe autism 
1
 Age equivalent scores, expressed in months. Abbreviations: CARS, Childhood Autism Rating Scale; MZ, 
monozygotic; RCPM, Raven’s Colored Progressive Matrices; VABS II, Vineland Adaptive Behavior Scales, 
second edition; WISC-III, Wechsler Intelligence Scale for Children, third edition 
 3 
Supplementary Table 2. Other CNVs identified in the family 
Subject Chr Start1 End1 Size Algorithms CNV Inheritance DGV3 
Patient 1 2 4191253 4199818 8565 CNV partition deletion paternal yes 
 3 74185282 74280502 95220 CNV partition, PennCNV deletion maternal partial 
 4 69097539 69163188 65649 CNV partition deletion maternal
2
 yes 
 6 79029649 79090197 60548 CNV partition deletion paternal yes 
 6 170222030 170223555 1525 CNV partition deletion paternal
2
 yes 
 8 39356825 39497557 140732 CNV partition, PennCNV deletion paternal yes 
 9 370095 400312 30217 CNV partition, PennCNV duplication maternal yes 
 11 55124465 55149014 24549 CNV partition deletion paternal
2
 yes 
 11 80663196 80692622 29426 CNV partition, PennCNV deletion maternal yes 
 12 7891603 8014573 122970 CNV partition, PennCNV deletion paternal yes 
 13 56659471 56665094 5623 CNV partition deletion paternal
2
 yes 
Patient 2 3 164004033 164085280 81247 CNV partition deletion maternal
2
 yes 
 4 69097539 69163188 65649 CNV partition deletion maternal
2
 yes 
 4 161271979 161291569 19590 CNV partition deletion de novo? yes 
 6 67075448 67104015 28567 CNV partition deletion paternal yes 
 6 79029649 79090197 60548 CNV partition deletion paternal yes 
 6 170222030 170223555 1525 CNV partition deletion paternal
2
 yes 
 8 39356825 39497557 140732 CNV partition, PennCNV deletion paternal yes 
 11 55124465 55149014 24549 CNV partition deletion paternal
2
 yes 
 11 80663196 80692622 29426 CNV partition, PennCNV deletion maternal yes 
 12 7891603 8014573 122970 CNV partition, PennCNV deletion paternal yes 
 14 18531500 19387587 856087 CNV partition, PennCNV duplication paternal yes 
 19 20413668 20507068 93400 CNV partition deletion maternal
2
 yes 
Father 1 103941535 104107839 166304 CNV partition, PennCNV deletion  yes 
 2 4191253 4199818 8565 CNV partition deletion  yes 
 4 115398433 115401739 3306 CNV partition deletion  yes 
 6 67075448 67104015 28567 none (manual inspection) deletion  yes 
 6 79029649 79090197 60548 CNV partition deletion  yes 
 6 170222362 170223555 1193 CNV partition deletion  yes 
 8 39356825 39497557 140732 CNV partition, PennCNV deletion  yes 
 10 66981540 66983475 1935 CNV partition deletion  yes 
 11 55124465 55171592 47127 CNV partition deletion  yes 
 12 7891603 8014573 122970 CNV partition, PennCNV deletion  yes 
 13 56646795 56665094 18299 CNV partition deletion  yes 
 14 18531500 19387587 856087 none (manual inspection) duplication  yes 
 16 81590327 81706426 116099 CNV partition, PennCNV deletion  no 
 18 36515599 36519446 3847 CNV partition deletion  yes 
Mother 2 82794772 82891026 96254 CNV partition deletion  yes 
 2 159667833 159679609 11776 CNV partition deletion  partial 
 3 74185282 74280502 95220 CNV partition, PennCNV deletion  partial 
 3 133194645 133195707 1062 CNV partition deletion  yes 
 3 164004033 164101579 97546 CNV partition deletion  yes 
 4 69064675 69163188 98513 CNV partition deletion  yes 
 4 70164518 70246877 82359 CNV partition deletion  yes 
 5 148738220 149321472 583252 CNV partition, PennCNV deletion  partial 
 5 150167998 150194892 26894 CNV partition deletion  yes 
 9 370095 400312 30217 CNV partition, PennCNV duplication  yes 
 9 43515795 43720352 204557 CNV partition deletion  yes 
 11 80663196 80692622 29426 none (manual inspection) deletion  yes 
 15 19777876 19967366 189490 CNV partition deletion  yes 
 18 36514913 36519446 4533 CNV partition deletion  yes 
 19 20404485 20507068 102583 CNV partition, PennCNV deletion  yes 
 19 53898415 53900677 2262 CNV partition deletion  yes 
HumanCNV370-Duo BeadChip (Illumina) data were analyzed using CNV partition and PennCNV. In addition, the results were 
inspected manually to determine inheritance of genomic variants in the children. Because none of the CNVs detected in Patients 
1 and 2 appeared to be rare, no attempt was made to validate these findings with an independent method. 
1 
Genomic 
coordinates correspond to the hg18 genome assembly (Build 36). 
2
 Apparently inherited CNV with one breakpoint differing from 
the parent. 
3 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Tabet et al. 
 6 
Supplementary Table 5. B allele frequency and genotypes of the short arm of chromosome 16 
Father Mother Patient 1 Patient 2 (twin) SNP 
 
Position 
 B all freq Genotype B all freq Genotype B all freq Genotype B all freq Genotype 
rs11865131 103667 0.5 AB 0.9 BB 0.5 AB 0.5 AB 
rs11248914 233563 0.5 AB 1.0 BB 0.5 AB 0.5 AB 
rs9921222 315783 0.5 AB 1.0 BB 0.4 AB 0.5 AB 
rs11645697 435663 0.6 AB 0.0 AA 0.0 AA 0.0 AA 
rs12446663 5906038 0.5 AB 1.0 BB 1.0 BB 1.0 BB 
rs6500827 6764824 0.5 AB 1.0 BB 0.5 AB 0.5 AB 
rs4261521 7872048 0.6 AB 0.0 AA 0.4 AB 0.5 AB 
rs1058967 8854537 0.5 AB 1.0 BB 0.5 AB 0.6 AB 
rs8064140 9576189 0.6 AB 1.0 BB 0.5 AB 0.5 AB 
rs6498229 11607016 0.5 AB 0.0 AA 0.5 AB 0.5 AB 
rs1794302 12498592 0.5 AB 1.0 BB 0.5 AB 0.5 AB 
rs1438701 13173810 0.6 AB 1.0 BB 0.5 AB 0.5 AB 
rs7405176 14365847 0.6 AB 0.0 AA 0.6 AB 0.6 AB 
rs4780577 15675498 0.5 AB 0.0 AA 0.5 AB 0.5 AB 
rs2100401 16867138 0.4 AB 0.0 AA 0.0 AA 0.0 AA 
rs4781952 17616369 0.6 AB 0.5 AB 0.5 AB 0.0 AA 
rs9937539 18941493 0.5 AB 1.0 BB 1.0 BB 1.0 BB 
rs739565 19624006 0.5 AB 1.0 BB 1.0 BB 1.0 BB 
rs2214195 20406898 0.5 AB 0.0 AA 0.0 AA 0.0 AA 
rs858205 20979000 0.6 AB 1.0 BB 0.6 AB 0.6 AB 
rs9933675 21161736 0.6 AB 0.0 AA 0.0 AA 0.0 AA 
rs2238478 21190256 0.5 AB 0.0 AA 0.5 AB 0.5 AB 
rs226035 21202238 0.5 AB 1.0 BB 0.5 AB 0.5 AB 
rs194548 21515973 0.5 AB 0.5 AB 1.0 BB 0.7 AB 
rs226005 21528048 0.5 AB 1.0 BB 0.5 AB 0.3 AB 
rs238547 23267700 0.6 AB 1.0 BB 0.5 AB 0.3 AB 
rs8048821 23886863 0.5 AB 0.0 AA 0.5 AB 0.6 AB 
rs4787697 25111249 0.6 AB 0.0 AA 0.5 AB 0.7 AB 
rs4592663 25810187 0.5 AB 0.5 AB 0.0 AA 0.3 AB 
rs321441 26611178 0.5 AB 0.0 AA 0.4 AB 0.6 AB 
rs10400960 26738119 0.5 AB 1.0 BB 0.5 AB 0.4 AB 
rs17200687 26743810 0.5 AB 0.0 AA 0.0 AA 0.0 AA 
rs4787393 26857335 0.6 AB 1.0 BB 0.6 AB 1.0 BB 
rs4238945 26882508 0.6 AB 0.0 AA 0.5 AB 0.0 AA 
rs7206078 26955737 0.6 AB 1.0 BB 1.0 BB 0.3 AB 
rs205432 27992496 0.6 AB 0.0 AA 0.5 AB 0.0 AA 
rs205355 28012030 0.5 AB 1.0 BB 0.5 AB 1.0 BB 
rs4075049 28150790 0.5 AB 1.0 BB 0.5 AB 1.0 BB 
rs2650492 28240912 0.6 AB 1.0 BB 0.5 AB 1.0 BB 
rs1064886 28396413 1.0 BB 1.0 BB 1.0 BB 1.0 BB 
rs26528 28425210 1.0 BB 0.0 AA 0.0 AA 0.7 AB 
rs153107 28432806 1.0 BB 0.0 AA 0.0 AA 0.7 AB 
rs151228 28470527 1.0 BB 0.0 AA 0.0 AA 0.6 AB 
rs151230 28490716 0.0 AA 1.0 BB 1.0 BB 0.3 AB 
rs7201929 28779467 0.0 AA 1.0 BB 1.0 BB 0.3 AB 
rs4072401 28844776 1.0 BB 0.0 AA 0.0 AA 0.7 AB 
rs7184953 29223380 1.0 BB 1.0 BB 1.0 BB 1.0 BB 
rs4787478 29256578 0.4 AB 0.6 AB 1.0 BB 0.0 AA 
rs8054172 29563365 0.5 AB 0.0 AA 0.6 AB 0.0 AA 
rs11150564 29574237 0.5 AB 1.0 BB 0.5 AB 1.0 BB 
rs7202714 30085308 0.5 AB 1.0 BB 0.5 AB 1.0 BB 
rs9938125 30195224 1.0 BB 1.0 BB 1.0 BB 1.0 BB 
rs4238961 30287987 0.6 AB 0.0 AA 0.6 AB 0.0 AA 
rs1064524 30400324 0.5 AB 1.0 BB 0.5 AB 1.0 BB 
rs8058961 30716564 0.5 AB 0.0 AA 0.6 AB 0.0 AA 
rs8048583 31187037 0.5 AB 1.0 BB 1.0 BB 0.5 AB 
rs12927233 32045466 0.6 AB 0.0 AA 0.5 AB 0.0 AA 
rs8047974 34079200 0.5 AB 1.0 BB 0.5 AB 1.0 BB 
Centromere          
Informative SNPs were selected to illustrate the rearrangements and the parental origin. The 16p11.2p12.2 
region duplicated in Patient 2 (and in his twin brother, Patient 3) is highlighted in blue, the 16p11.2 region 
deleted in Patient 1 and his father is highlighted in red. Informative SNPs for which Patient 1 and Patient 2 share 
the same paternal allele are shown in blue font, those for which they inherited a different allele are shown in red 
font. A crossing-over in the father's germline inherited by Patient 1 occurred between 26 743 810 bp and 
26 857 335 bp. Non-informative SNPs at the start and end of the duplication and the deletion are shown in 
black. Genomic coordinates correspond to NCBI Build 36 (hg18). 
